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The Effect of Vitamin K and Vitamin H’ on the Root 
Formation in Cuttings of Phaseolus vulgaris L. 


By 
TORSTEN HEMBERG 


The Department of Botany of the Royal Pharmaceutical Institute, Stockholm 
(Received October 4, 1952) 


According to the investigations of Dam and Glavind (1938), Dam, Glavind 
and Nielsen (1940), and Dam, Glavind and Gabrielsen (1947), vitamin K 
occurs in plants, notably in the green parts of plants. 

Hey and Hopf (1951 a) have shown that plants only slightly affected by 
the new hormonal weed control preparations contain only small amounts 
of vitamin K, whereas plants readily affected by these substances are rich 
in this vitamin. According to the explanation given by them, the presence 
of vitamin K is necessary for the hormones to be able to act. Hey and Hopf 
have also shown that vitamin K together with q-naphthalene acetic acid 
exerts an effect upon the growth of radishes. If radishes are sprayed with 
a-naphthalene acetic acid, the treatment results in radishes of the same size 
as not-treated controls or of even smaller size. When spraying with vitamin K 
alone they in some cases obtained radishes larger than the controis but in 
other cases radishes that were smaller. When treating with a mixture of the 
hormone and of the vitamin, on the other hand, they always obtained larger 
radishes. In some instances these were as much as 200 °/o larger than the 
controls. 

Through the courtesy of Messrs. Hey and Hopf vitamin K and vitamin H’ 
have been made available for the present investigation. The latter vitamin 
is included in one of their preparations, with which they have treated apples, 
potatoes and sugar beet. They state that this treatment yields a better crop. 
It is, however, impossible to obtain any further information about the com- 
position of this preparation from their published data, since they are prevented 
by commercial considerations from making known the detailed formula. 


2 [17] 


18 TORSTEN HEMBERG 


As it would appear to be of interest to ascertain whether these vitamins 
are also of importance in respect of the action of the growth-promoting 
hormones on the root formation of the plants as assumed by Hey and Hopf 
(1951 b) in the case of vitamin K, the effect of vitamins K and H’ with 
and without the presence of indole acetic acid has been studied in some 
root formation experiments with cuttings of Phaseolus vulgaris. The choice 
of this plant for the preliminary experiments is due to the fact that it has 
previously (Hemberg, 1951) proved extremely suitable for root formation 
tests. 


Method 


Plants of Phaseolus vulgaris L. grown in sand were used for the tests. 
As in earlier tests (Hemberg, 1951) cut plants comprising 5 cm of the 
hypocotyle together with the epicotyle and 2 full-grown leaves but with the 
cotyledons removed, were placed in brown glass jars of 100 ml containing 
nutrient solution. This was composed as follows: 0.6 ml 1-M KNOs, 1.4 ml 
1-M Ca(NO,),, 1.0 ml 1-M MgSO,, 1.2 ml 1-M KH,PO,, 1 ml boric acid 
solution (0.0006 gm boric acid per ml) and 1000 ml distilled water. In 
addition, varying concentrations of the different active substances were added 
to the solution. The jars were placed in boxes with moist sand, covered 
with sheets of glass. The boxes were put in a light thermostat at 20—22° C. 
The number of roots was determined after 9—10 days. 

In earlier experiments published (Hemberg, 1951), the number of roots 
was counted on the hypocotyles alone. In the present experiments it was 
found that plants treated with hormones or with hormones and vitamins 
form roots not only on the hypocotyles but also in abundance on the 
epicotyles. The stronger the hormone solution, the more abundant the root 
formation on the epicotyles, whereas with stronger hormone concentrations 
(1 mg and 5 mg per litre) the hypocotyles may even die. Consequently the 
total number of roots per plant has been determined, irrespective of whether 
these were formed on the epicotyle or the hypocotyle. 


Results and Discussion 


The results with vitamin K and indole acetic acid are given in Table 1. 
It will be seen from this that indole acetic acid alone has a stimulating effect 
on the root formation, whereas vitamin K has no such effect. However, a 
mixture of the two substances produces a much more abundant formation 
of roots than indole acetic acid alone. Vitamin H’ exerts the same effect in 
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Table 1. Effect of vitamin K on the root formation in cuttings of Phaseolus vulgaris. 
Cuttings grown in nutrient solution (see text for composition). 


eier 
Mg indole acetic No. of days after | No. of roots per 


acid per litre ke aan per the beginning of | cutting (average 
: itre solution ; \ 
solution the experiment of 10 plants) 
ee eee EN eee oe 
0 0 3 28.6 
0.2 0 » 34.4 
0 0.1 » 25.3 
0 1.0 » 28.6 
0 2 0.1 » Mi 33.4 
0.2 1.0 > 44.2 
0 0 10 29,9 
1.0 0 » 47.8 
0 0.1 > 31.3 
0 1.0 > 23.3 
1.0 0.1 > 73.6 
1.0 1.0 > 58.6 
5.0 0 10 127.7 
5.0 1.0 » 166.1 


Table 2. Effect of vitamin H’ on the root formation in cuttings of Phaseolus vulgaris. 
Cuttings grown in nutrient solution (see text for composition). 


Mg indole acetic £ : No. of days after | No. of roots per 
acid per litre Men Bes the beginning of | cutting (average 
solution the experiment of 10 plants) 

0 0 9 28.6 
0.2 0 > 34.4 
0 0.01 > 32.9 
0 0.1 > 32.9 
0 1.0 » 31.9 
0.2 0.1 > 37.4 
0.2 1.0 » 54.1 
0 0 10 29.9 
1.0 0 > 47.8 
0 0.1 > 43.6 
0 1.0 » 277 

| 1.0 0.1 > 59.9 
1.0 1.0 > 90.1 
5.0 0 10 12727 | 


conjunction with indole acetic acid (see Table 2) as vitamin K. With regard to 
vitamin H’, this proved in one experiment without addition of indole acetic 
acid to have a clearly stimulating effect on the root formation, while in 
another experiment this effect is less apparent (see Table 2). 
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It is evident from the experiments that vitamin K and vitamin H’ together 
with auxin increase the root-building effect of the latter. It therefore seems 
reasonable to assume that plants which can only with difficulty or which 
cannot at all be stimulated to root formation through treatment with 
hormones, are poor in these vitamins. Consequently it should be possible 
to obtain results from hormone treatment of such plants if they are at the 
same time treated with these vitamins. Investigations into these problems 
are in course of preparation. These vitamins might possibly be identical with 
Went’s (1938) rhizocalin. 


Summary 


Vitamin K and vitamin H’, which, at all events in the case of the former, 
alone exert no effect on the root formation in cuttings of Phaseolus vulgaris 
L., have proved in conjunction with indole acetic acid to increase strongly the 
root-building effect of the latter substance in such cuttings. 


This investigation has been carried out at the Institute for Plant Physiology of 
the University of Stockholm and the cost has been defrayed by the Swedish Natural 
Science Research Council. The author is indebted to Miss Maja-Lisa Keltanen for 
valuable technical assistance and to Miss Kathleen Pain for the English translation. 
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Influence of Light and Temperature on the Growth 
of Ryegrass (Lolium spp.) 


I. Pattern of Vegetative Development 


By 
K. J. MITCHELL ! 


Botany Department, University, Manchester, England 
(Received October 24, 1952) 


There is a large amount of evidence to show that individual features of a 
plant’s vegetative growth, as well as the proportional relationships between 
various organs, can be varied by changes in environmental conditions. To 
mention just a few instances, the work of Ashby (1950), Ashby and Wanger- 
man (1950), Gregory (1928), Blackman (1947), Whalley and Leech (1950) 
records instances of changes in leaf shape, plastochrone rate, relative growth 
rate, leaf-stem ratio, and leaf-root ratio, induced by changes in light and 
temperature conditions. There are also differences in the responses of varieties 
within a species to equal changes in external environmental conditions 
(Clausen, Keck and Hiesey 1940, Went 1945). 

Data from a number of studies provide direct and indirect evidence that 
the same is also true for species of Gramineae (e.g., Gregory 1926, Gardner 
1942, Olmsted 1944, Petersen and Loomis 1949, Cooper ‘1951, Etter 1951). 

It is therefore clear that physiological studies of the inter-relationships of 
various species and strains within a complex association such as a pasture 
must be based on a knowledge of the effect of changes in external conditions 
both on the rate of growth and on the pattern of morphological development 
of individual strains and species. In few of the published reports, however, 
are sufficient results presented to enable an integrated picture to be formed. 


1 Present address: Grasslands Division, Department of Scientific & Industrial Research, 
New Zealand. 
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Normally, major attention has been given to particular features such as 
total herbage production, or the initiation of flowering. 

In the type of pasture to which it is hoped to subsequently relate the 
results of these studies, numerous sfrains of the freely interbreeding complex 
of Lolium spp. are of major importance. A wide range of ecotypes has been 
recognised and many new strains produced by plant breeders. The relatively 
small size of the plants, their quick establishment, and their robustness, make 
them good experimental material. In addition, agrostological studies of this 
group of species in a number of countries throughout the world have given 
much information about their field performance. 

Although there can be no rigid distinction, studies which seek to attain 
the objectives outlined above, and from that gain an understanding of the 
physiological forces involved, can be broadly grouped into two classes. 


(1) The determination of the scope of the changes in rate and pattern of 
development which occur in response to wide variations in external 
conditions. 

(2) Quantitative measurement of the inter-relationships between individual 
components of the external environment on the one hand, and the significant 
features of a plant’s growth on the other hand. In most climates this can 
only be done with sufficient accuracy in specially constructed glasshouses 
or cabinets such as are used by Went (1950), Parker (1944) and others. 


Although the work which is to be reported in this series of papers does 
include results obtained under controlled environment conditions, major 
emphasis is placed on a consideration of the first alternative mentioned above. 
In a series of experiments extending over a three-year period, the influence 
of differences of light intensity and temperature on the pattern of morpho- 
logical development, bud development, rate of formation of tissue and its 
distribution between various parts of the plant, and the anatomy of the leaves 
and meristematic zones have been examined. At all times there have been 
comparisons between various strains of Lolium. However, these are not 
genetic studies. Accordingly, results from any particular strain, or com- 
parisons between them, are drawn on as will best serve to describe the issues 
under discussion. 

The manner in which the pattern of morphological development can be 
varied is examined in this paper. The other aspects mentioned above will 
be discussed in subsequent papers. 


Experimental Procedure 


The results presented here are drawn from two groups of experiments both 
carried out in Manchester, England, during 1950. 
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(a) Trials within a constant environment cabinet 


The cabinet has been previously described (Mitchell 1950). The following sets 
of conditions were used: 


Light | Temperature PAbbreviation | 
| Duration | Intensity Day | Night | used in text 
10 hrs | 700 ft. candles | 55°F | 45°F 700 — 50 

10 » 700 » » 70°F | 60°F | 700 — 65 
100 2000 » » 55° F | 45°F | 2000 — 50 
10 » 2000 » » 70° F | 60°F ; 2000 — 65 | 


Plants were put in to the cabinet just as tillering was starting. Normally that was 
shortly after the appearance of the third leaf on the main stem. They remained 
there until the 8th leaf on the main stem had appeared on the majority of plants. 


(b) Double Reversal Shading Trials 


Seeds were sown in a group of pots which, at the time of emergence of the seedlings, 
were divided into four sets which received the following treatments. 


Until appearance of 3rd After appearance of Abbreviation | 

: leaf on main stem 3rd leaf used in text | 
Full light Full light 0—0O | 
> > Becomes Shaded to 380) light O—S 

. Shaded to 38 0/0 full light| Shaded to 38 0/0 light GER SEEN 
>» » » » » » | Full light RS 


These trials were continued until the seventh leaf on the main stem had appeared 
on almost all plants in each group. As the treatment conditions were controlling 
rate of appearance of the leaves on the main stem some groups reached this stage 
of development many days earlier than other groups in the same trial. It is therefore 
possible for the results to be differentially influenced by changes in weather con- 
ditions during the experiment. However for these trials there was every indication that 
treatment differences were sufficiently great to make the effect of day to day weather 
changes of minor importance. One trial in the series was in a heated glasshouse’ 
during April and May 1950 (Mean temperature 65° F; light intensity 65 °/o daylight) 
and the other outside during late May and June (Mean temperature 60° F). Frames 
covered with tobacco shading cloth were used to reduce light intensity. 

Two rvegrass types were compared in all the above trials, 


(a) Aberystwyth S23, a British strain of perennial ryegrass (L. perenne). 
(b) New Zealand Short Rotation (abbreviation in this paper S.R.), a selection 
from hybridisations between L. perenne and L. multiflorum. 


The trials under constant environment conditions, and the double reversal trial 
in the glasshouse commenced with 18 plants per treatment, while in the double 
reversal trial outside there were initially 12 plants per treatment. 


Cultural Methods 
Plants used in the constant environment trials were grown in 3.5 litre glazed 
porcelain pots, 3 plants per pot. In the double reversal trials the containers were 
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18 cm earthenware pots coated with bitumastic paint. There were 3 plants per pot in 
the trial outside, but 6 plants per pot for the trial inside the glasshouse. All pots 
were filled from the same batch of soil, a fine sandy loam. At the time of filling 
the pots a balanced fertiliser was mixed. through the soil in quantities amply 
sufficient to ensure that growth should not be checked by shortage of nutrients. 

To obtain relatively uniform groups of plants, pots in excess of the number needed 
for each trial were sown, and also, 5—6 seeds were sown for every plant required. At 
the appropriate occasions the seedlings were thinned to give uniform plants through- 
out the whole group. Just before treatments were commenced, or the first observa- 
tions recorded, pots containing plants which departed most from the general level 
of uniformity were rejected. 

The plants used in the four sets of treatments in the growth cabinet were grown 
at different seasons of the year but an effort was made to maintain relatively uniform 
environmental conditions during the seedling stage. In the winter and early spring, 
when temperatures were low, days short, and light intensity poor, the seedlings 
were grown in a heated glasshouse and received supplementary light for 16 hours 
per day at an intensity of 300—400 f.c. from a group of fluorescent lamps. In the 
late spring and early summer the seedlings were placed in relatively cool positions 
and shaded. The information to be presented suggests that the remaining differences 
between groups of plants at the time they were placed in the cabinets would have 
had little influence on the results obtained. 


Observations and Treatment of Data 


Observations, taken every second day, included a record of the date of appearance 
and position of every tiller and also the number of leaves on the main stem and 
on each tiller. At the conclusion of each trial the length and median width of every 
leaf lamina (hereafter termed the leaf) were measured. The leaves, roots, and 
»stems» (actually mainly leaf sheaths) from each plant were then dried for 24 hours 
at 101° C., cooled in a desiccator, and weighed. 

In some treatments one or more plants developed departures from normal 
morphological development such as the death, doubling, or apparent fasciation 
of a growing point, during the course of the trial. Such plants were left growing 
in the pots but are excluded from the results presented. For such data Students 
»t» test provides, by a relatively direct computational procedure, quite a sensitive 
assessment of the significance which can be given to differences between individual 
treatments. It was therefore used for the statistical examination of the results. In the 
tables presented a single asterisk (*) directly between two results indicates that the 
difference between them reaches the 5 °/o level of probability. A double asterisk (**) 
indicates the 1 °/o level of probability. 


Naming of plant parts 


Although the absence of internodal elongation during the vegetative phase gives 
a tufted appearance, the grass plant is following a normal monopodial branching 
system. If the plant is drawn with its internodes extended, the pattern of development 
can be represented diagramatically. This has been done in Figure 1 which shows 
the system used in all trials, discussed in this and subsequent papers, for the classi- 
fication of each individual leaf and tiller. 


Successive leaves on the main stem (abbreviation M.S.) are termed Leaf 1 


(abbreviation L1) Leaf 2, etc. Tillers from the axillary bud of each leaf are similarly ° 
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of nomenclature used to identify individual re 
tillers and leaves on a grass plant. It is | 
drawn with the internodes extended. The | 


curved solid lines represent leaves and 
black circles nodes. Ze 


numbered. Thus the tiller from the axil of the first leaf on the main stem is 
termed Tiller 1 (abbreviation T1), and so on up the stem. 

Each tiller from the main stem will itself develop a series of leaves, and these 
leaves will in turn produce tillers from their axils. For identification of these, the 
descending order nomenclature, as in the Linnaean classification, is used, e.g. 
successive leaves on Tiller 1 (T1) are termed T1L1, T1L2 etc. If the axillary bud 
on T1L2 develops to a tiller, that is indicated by T1T2. The tiller from the axillary 
bud of the coleoptile is called the Coleoptile Tiller (abbreviation CT). At the base 
of each tiller there is a similar short sheathing structure which never develops to 
a true leaf. For uniformity of nomenclaiure it is also termed a coleoptile. Thus 
we have Tiller 1-Coleoptile Tiller (abbreviation T1CT). 

Tillers developing directly from axils of leaves on the main stem are termed 
»First Order Tillers». Those tillers arising from these are termed »Second Order 
Tillers» and so on up to »Fourth Order Tillers» in some cases. 


Results and Discussion 


It was found that variations in light or temperature resulted in large 
differences both in pattern of growth and quantity of tissue produced by the 
plants. These two aspects of the plants growth are to be examined in separate 
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Table 1. The quantity of tissue (mg of dry matter per plant) produced at equivalent stages 
of development by plants grown under different light and temperature conditions. 


Treatment | 700 — 50 | 700 — 50 | 2000 — 50 | 2000 — 65 | 


S.R. i801 120 | eo 580 | 
S 23 1931 | 85 le 521 | 


1 Values obtained by extrapolation on assumption that relative growth rate during 
37 day experimental period would have remained the same for a further 7 days. 


papers. Therefore, to help bring the changes in pattern of growth, which 
are to be examined here, into perspective with the differences in total weight 
of the plants, Table 1 shows the mean weight per plant for the various treat- 
ments in the constant environment trials. 


Rate of Leaf Appearance 


This does not refer to the increase in total number of leaves on a plant. 
It is concerned solely with the rate at which fresh leaves appear on each 
stem, as judged by the time of emergence of each leaf tip from the sheathing 
base of the leaf below. In this species this does not necessarily correspond 
to the rate of initiation of leaf primordia (Cooper 1951). Rather it records 
the sequence of initiation of vigorous activity by the successive intercalary 
leaf meristems which, during the vegetative phase of growth, produce almost 
all the shoot tissue. 

Figure 2 shows the number of days between the appearance of successive 
leaves on the main stem of plants grown in the constant environment trial. 
It is clear that the interval can be changed by differences in growth con- 
ditions. Certain irregularities in the mean number of days between the appear- 
ance of successive leaves arise from the fact that the interval between 
observations was two days. When suitable allowance is made, the results 
offer little indication that the time interval between leaves changed appreci- 
ably as the plants developed. In certain cases, such as with S.R. at low 
temperatures, there may be a small trend toward a decrease in interval 
between successive leaves, but there is no evidence from these results that 
this is a general phenomenon in these two strains of ryegrass. Certainly the 
magnitude of any trend is far less than the differences due to treatment. It 
is reasonable to conclude, for the present, that within the period of growth 
examined the interval between successive leaves remains substantially the 
same if light and temperature conditions are constant. 

It follows from the above conclusion that the appearance of successive 
leaves on the main stem can be used as a physiological time scale measuring 
vegetative age of a plant independent of the fluctations in rate of growth 
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Figure 2. The interval between the appearance of successive leaves on the main stem for 
plants grown in the constant environment trial. The diagram shows the mean number 
of days between the emergence of the leaf indicated and the appearance of its predecessor. 


caused by varying environmental conditions. With such a scale the course 
of other processes, e.g., tillering, can be studied solely in relation to the plant’s 
stage of vegetative development, and calendar dates ignored. This scale will 
be spoken of as »leaf appearance age», and was determined for every plant 
at each observation by the following method. If the estimated true interval 
between the appearance of leaf 6 and leaf 7 on an individual plant was 
8 days, and 3 days had elapsed since leaf 6 appeared, the plant’s age was 
then 6.4. 

Subtracting the leaf appearance age of each plant when it was put into 
the growth cabinet from its age when harvested, gives the total gain in leat 
numbers on the main stem during the trial. Dividing this by the number 
of weeks in the cabinet then gives a single measure of the rate of leaf appear- 
ance in terms of number of leaves appearing per week. The data are sum- 
marised in Table 2. 


Table 2. Rate of leaf appearance on main stem for plants grown under constant environ- 
mental conditions, expressed in terms of mean number of leaves appearing per week. 


: Treatment 700 — 65 | 700 — 50 : 2000 — 50 | 2000 — 65 


III 


SUR, : 087 x 061 xx 0.77 xe 1.25 
xx | tt 3 oe De 
S23 0.82 xx 0.50 == 0.70 xx 1.09 


Coefficients of variation for individual treatments range from 6 ®%o to 10 %o. 
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Figure 3. The interval between the appearance of successive leaves on the tiller from 
the axil of the second leaf on the main stem, for the groups of plants grown in the 
constant environment trials. 


The rate was slowest where both light and temperature were low. Raising 
either temperature or light intensity increased it, with the 15° rise in mean 
temperature giving greater increase than a trebling in light intensity, and 
it is greatest when the two are increased together. At 200° — 65 the rate is 
more than twice that at 700 — 50. 

In all treatments S.R. produced leaves faster than did $23. The difference 
was greatest where both light and temperature were low. 

This is the situation for the main stem but the information is of limited 
use for an understanding of the development of the whole plant unless that 
rate is representative for all tillers which are developed. Accordingly the 
Jeaf appearance interval was determined on all plants grown under constant 
environment conditions for almost every tiller which produced more than 
two leaves. 

For brevity, only the results for tiller 2, which was the first that developed 
wholly within the growth cabinet, are presented (Figure 3). It illustrates the 
main conclusions drawn from the results for all the tillers. 

(a) There appears to be no difference in normal rate of leaf appearance 
for the subsidiary tillers and for the main stem. 

(b) At low light intensity the rate of appearance of the initial leaves on 
the lower tillers of a plant is apparently increased. 


At 2000 f.c. the rate remains approximately constant at about the same 
level as on the main stem (vide Figure 2). On the other hand at 700 f.c.. 


GROWTH OF RYEGRASS I 29 


Table 3. Mean Tiller number per plant at equal appearance age (7.9 + 0.1). 


rn 
Treatment | 700 — 65 700 — 501 | 2000 — 50 | 2000 — 65 


j | | 
S.R. 6.5 — 69 xx 24.7 — 22.8 


| $23 ANNEE chad oe Lau os 
| | | 


* Values got by extrapolation. The plants were harvested at leaf appearance age 7.3. In 
the »t» tests the quoted means have been used but the variances are from the actual data. 


the interval between the appearance of the earlier leaves on the tiller is much 
less than normal. This difference disappears by the time the tiller reaches 
its third or fourth leaf. 

Similarly the reduction in the interval between the appearance of the first 
two or three leaves becomes progressively less for subsequent tillers up the 
main stem, and eventually disappears, leaving an approximately steady 
rate of leaf appearance from all shoot apices on the plant. Even at 
700 — 65, the conditions most unfavourable for tillering, it had almost dis- 
appeared by tiller 4. 

Before being placed in the growth cabinet, plants for all treatments were 
grown under a relatively uniform set of conditions. They then showed 
throughout each trial rates of leaf appearance apparently determined by the 
light and temperature conditions experienced during that trial. The con- 
clusion is that rate of leaf appearance on an established shoot will quickly 
adjust itself to variations in current environmental conditions. 

The results of the two double reversal shading trials confirm that. In 
both trials the rate of leaf appearance on the main stem was substantially 
greater on the unshaded than on the shaded plants. The response to the 
change in light intensity was particularly prompt for plants grown at the 
higher temperatures in the glasshouse (Figure 4). The fourth leaf on the 
main stem had already started to elongate and would have appeared within 
3 to 5 days of the change in treatment from light to shade or vice versa. 
Its time of appearance was delayed where plants were transferred to the 
shade and accelerated where the shaded plants were taken to full light. By 
the fifth leaf there had been almost complete adjustment to the changed 
conditions. The results illustrated in Figure 4 are characteristic of those found 
for both strains in both experiments. 

The conclusions drawn from the evidence presented above refer to the 
range of treatments and stage of development examined here. Although they 
may hold for a wide range of conditions, this work gives no evidence on 
. which to base such assumptions. Rather it indicates that rate of leaf appear- 
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Figure 4. The interval between the appear- 
ance of successive leaves of the main stem 
of Short Rotation plants grown in the 
double reversal shading trial in the glass- 
house. 


ance is so responsive to external and internal factors that it would be 
dangerous to make generalisations. 


For instance it will be noted from Figure 4 that the interval between the 
appearance of earlier leaves on the main stem of the S.R. plants in this double 
reversal trial shows a general decreasing tendency. This tendency is often 
but not invariably observed in groups of young plants. Changes in weather 
conditions during the course of a trial may be largely responsible, but on 
the other hand rate of leaf appearance may be slower in young seedlings even 
under uniform conditions. 


These differences in rate of leaf appearance have wider implications than 
variation in number of leaves formed on a stem in a given time. Until a 
leaf on any stem has developed, its axillary bud cannot grow out to a tiller, 
which may in its turn later produce fresh tillers, and so on, potentially at 
compound interest progression. Thus the 25 °/o advantage in rate of leaf 
formation possessed by S.R. over $23 at 700 — 50 represents a substantial 
increase in the potential number of tillers which can be formed in a given 
time. In this stage of development, weight of the shoot as a whole is deter- 
mined by the rate of leaf appearance on a stem, the size of the leaves, and 
total number of tillers produced. Thus in terms of weight increase, a faster 
rate of leaf appearance can only be offset by actually developing more of 
the existing buds into tillers or by growing heavier individual leaves. 


Tiller Numbers and Rate of Tillering 


Apart from rate of leaf appearance on the stem, the daily rate of tiller 
formation is controlled by the time between the appearance of leaf and the 
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development of its axillary bud to a visible tiller; and also of course by 
whether that bud develops or remains dormant. 

An examination of a series of plants showed that a tiller does not appear 
until there is one mature leaf above it on the stem. This minimum period is 
little affected by treatment or genotype. Knowing that the rate of leaf appear- 
ance tends toward uniformity over the whole plant it follows that there is a 
definite limit to the number of tillers on a plant at any leaf appearance age. 
It also follows that the number of tillers on plants of equal leaf appearance 
ages gives a direct comparison of the extent to which the potentialities for 
tiller formation have been utilised, i.e., whether lateral buds have developed 
or remained dormant. It is an index of the development of fresh active 
meristematic centres. Also, since each tiller is capable of rooting and assuming 
virtually independent existence, it is, within definite limits, an index of rate 
of vegetative reproduction. 

If rate of leaf appearance is held as a constant, rate of tillering becomes 
an independent variable. All subsequent discussion of rate of tillering refers 
specifically to this situation. Total increment in tiller numbers per week is 
then the product of rate of tillering and the rate of leaf appearance. 

Table 3 shows the mean number of tillers for the plants grown in the 
constant environment conditions. At equal leaf appearance age (7.9+0.1) 
it varies from a mean of 3.3 per plant for S23 at 700—65, to a mean of 
24.7 for S.R. at 2000 — 50. 

Coefficients of variation ranging from 21 °/o to 41 °/o for the various 
treatments indicated the large amount of variation from plant to plant. 
In large measure this high variability in tiller numbers is to be expected from 
the pattern of the plant’s development. This point will be discussed further 
at a later stage. 

Quantity of light energy available appears to be the chief determinant 
of the number of tillers formed. Raising it from 700 f.c. to 2000 f.c. nearly 
quadrupled the number of tillers produced by S.R. at equivalent leaf appear- 
ance age. The 15° F rise in temperature had little, if any, effect on the 
ability of S.R. to form tillers, but depressed the number of tillers of S23 at 
high and low light intensity by 25 °/o and 40 °/o respectively. Throughout S.R. 
tillered more freely than $23, and at 65° F formed nearly twice as many 
tillers at equal leaf appearance age. 

The manner in which tiller numbers increased during the trials can be 
seen from Figure 5 A where the mean number of tillers per plant is plotted 
at equivalent leaf appearance age. Differences due to treatment and genotype 
appeared early and became progressively greater. The extent to which taking 
tiller numbers at equivalent leaf appearance age is levelling out differences 
in daily rate of increase can be seen by comparing Figure 5 A with Figure 5 B. 
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Figure 5. The increase in tiller numbers per plant 
under constant environment conditions. By using 
leaf appearance age as the time scale the rate at 
which new centres of meristematic activity are being 
established, can be seen independent of the differ- 
ences in rate of leaf appearance (Fig. 5A). This 
partly levels out the large differences in daily in- 
crease in number of tillers per plant (Fig. 5B). 
Plotting the logarithm of total leaf numbers gives in 
all cases a close approximation to a straight line 
(Fig. 5C), ie., the rate of increase has remained 
constant. 
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In the latter, tiller numbers per plant are recorded at equal day intervals. 
The acceleration in rate of tillering made possible by faster rates of leaf 
appearance gives wider divergence in actual daily rate of tiller formation. 

Returning to a consideration of tillering rates at equal leaf appearance 
ages, it will be noted that the rise in tiller numbers generally follows quite 
closely the exponential curve form. For such a curve, plotting the logarithm 
of tiller numbers will give a straight line, the slope of which is a measure 
of the actual rate of tillering. Results presented in a subsequent section 
show that conditions adverse for tillering inhibit mainly the lower buds of 
each tiller, which means that each has to develop longer before it can in 
turn produce further tillers. Thus although the general form of development 
would give an exponential curve there is appreciable » waviness» when tiller 
numbers are small. This feature becomes even more marked in a logarithmic 
plot and so increases the error term for any regression line that accurate 
comparisons of the influence of genotype and treatment on rate of tillering 
cannot.be made. Consequently for the logarithmic plotting (Figure 5C) and 
regression calculations based on it, total leaf number has been used instead 
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Table 4. Regression co-efficients of lines of closest fit when the logarithm of total leaf 
number is plotted against leaf appearance age. 


| 
| Treatment | 700 — 65 | 700 — 50 | 2000 — 50 | 2000 — 50 
| | | 
| S.R. 0.169 xx 0.196 xx 0.261 — 0.250 
$23 0.125 xx 0.197 xx 0.244 «x 0.206 | 
| 


of tiller number. Leaf number is a direct function of the number of tillers 
on a plant, but as it provides larger numbers, with existing as well as fresh 
tillers contributing to the increase, waviness is largely eliminated. More 
accurate comparisons are therefore possible. 

It can be seen from Figure 5 C that the logarithmic plotting gives a straight 
line trend for all treatments. The general picture shown by the regression 
coefficients (Table 4), which are now the indices of rate of tiller increase, 
is not unexpectedly generally similar to that for final tiller numbers. The 
rate was markedly increased by raising light intensity. At both light levels 
raising temperature 15° F reduces it, an effect shown more strongly by S23 
than by S.R. At 700—50 there is no difference between the types but 
otherwise S23 tillered more slowly. 

Measured in this fashion tillering rates are faster at 700 — 50 than com- 
parisons of final tiller numbers, recorded in Table 3, would suggest. Plants 
used for this treatment were grown through the seedling stage in midwinter. 
The natural light was so poor that even when it was supplemented by 
several fluorescent tubes, plants did not commence to tiller (the stage for 
placing in the cabinet) till one leaf appearance interval later than normal, 
and there were very few tillers present even then. The evidence in the next 
section indicates that this could be expected to reduce the total number per 
plant at age 7.9. 

In the double reversal shading trials it was found that rate of tillering 
can rapidly readjust itself to changes in light intensity. It was also found 
that whether a change from 100 °/o to 38 °/o light affects merely rate of 
leaf appearance, or tillering rate as well, depends on associated light and 
temperature levels. The higher the general light level and the lower the 
temperature the more likely is shading to affect only the rate of leaf 
appearance and not rate of tillering. 

It is now proposed to examine how the differences in total tiller numbers 
and rate of tillering have arisen. 


Pattern of Tiller Development. 
The changes in pattern of development which have led to the considerable 
differences in final tiller numbers of the plants in the constant, environment 
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trials can be seen from Figure 6. For the treatments which gave the highest 
and lowest rates of tillering a typical plant has been drawn schematically 
so that changes in the pattern as a whole can be seen before the individual 
components are examined quantitatively (Table 5). The data for the coleoptile 
tiller and tiller 1 are omitted as the development of these tillers was partly 
influenced by pre-treatment conditions. 


The main points of interest are as follows — 


(a) Reducing the light, or increasing temperature, or both, tended to inhibit 
development from the basal nodes. This held for both the main stem and 
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Table 5. Percentage of axillary buds of successive leaves on the main stem which developed 
to visible tillers at mean leaf appearance age of approximately 7.9. 


————————————— 


| | 

| Treatment | aK | $28 {REY 

| | Leaf 2 | Leaf 3 | Leaf 4 Leaf 2 | Leaf 3 | Leaf 4 

| | 

| 700—50 | 82 0/0 | 100 0/0 | 100 %/o 17 0jo | 8300 | 100 0/0 

700—65 61 0/0 77 0/0 100 0/o 11 %/0 330,0 | 89 0/0 

| 2000—50 | 100 0/o 1000/0 | 1002%o 100 0/0 100%/o | 1000 
200—65 100 Jo 100%o | 10000 100 0/0 100 0/0 | 100 0/0 


the tillers from it. Treatment conditions had little effect on the development 
of tillers from the axil of leaf 4 on the main stem, and only in S23 at 700 — 65 
were there less than 100 °/o tillers. At successively lower nodes on the stem, 
treatment effects became more marked. 


(b) Tillering differences between the two ryegrasses followed the same 
pattern. $23 showed poorer tiller development from the basal nodes. In all 
the trials discussed here tillers did not appear from the coleoptile node of 
S23 but very frequently developed on plants of S.R. 


In the double reversal shading trials the generally poorer tillering ability 
of S23 makes more clear cut any changes in pattern of development which 
are induced by variations in light and temperature. Therefore results are 
presented in Table 6 for this strain only, knowing that S.R. at all times 
followed the same trends. The development of the groups grown in the glass- 
house will be considered first. In comparison with plants which were 
continually in full light, those which were shifted from full light to the 
shade showed poorer development of tillers from nodes 1 and 2, where 
axillary buds were due to grow out about the time of transfer or shortly 
after. This reduction was followed by almost complete cessation of tillering 
from the higher nodes. The situation was reversed where plants originally 
in the shade were transferred to full light. The initial shading permanently 
lowered tillering from nodes 1 and 2 but above that tillering was as complete 
and vigorous as on plants which had always been in the open. The lower 
axillary buds of plants continually in the shade were completely inhibited 
and even as high up the stem as leaf 4 only 55 °/o developed, i.e., apical 
dominance was almost complete. 

Where (as in the double reversal shading trial outside) the general level 
of light intensity was 50 °/o higher and mean temperature was about 5° F 
lower, the equivalent proportional shading had much less effect on the pattern 
of tiller development. On the main stem only the lowest axillary buds were 
at all affected by treatment differences, and the transfer from full light to 
shade had little effect on the development of later buds on the main stem. 
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Table 6. Percentage of axillary buds of successive leaves on the main stem of S23 which 
had developed to visible tillers at mean leaf appearance age 6.9. 


a 


Trial Treatment Leaf One Leaf Two Leaf Three | Leaf Four 

free a ee ee me A EN EE EE 
O0 —0O 67 0/0 100 0/0 100 0jo 100 0/o 
DES 3300 | 55 0/0 6 0/0 6 0/0 
Glasshouse ......... s_s 0 6 fo 17 0/0 55 0,0 
\ s=o 0 61 0/0 100 0/0 100 0]o 
| 0 =0 100% | 100 0/0 100 0/0 100 0/0 
| : Ds 100 0/0 100 Jo 100 0/o 100 0/0 
Outside. see Sg 50 0/0 92 0/0 100 0/0 84 0/0 
S— 0 1000/0 |} 10000 100 %o 100 9/0 


In all trials it was clear that the influence of current growth conditions 
on the pattern of axillary bud inhibition on the main stem can be repeated 
on tillers developing from it (note Figure 6). Subsidiary tiller development 
on the coleoptile tiller of Short Rotation plants initially in full light in the 
double reversal trial outside, provide an excellent example of how large the 
differences can become. The development of the coleoptile tiller was initiated 
before one set was transferred to the shade, and reached the same stage in 
both groups. Yet at the termination of the trial there was a mean of 6.6 sub- 
sidiary tillers (second and third order) on it when plants were left in the full 
light, but only 2.3 tillers where plants had been moved into the shade. 


Time of Appearance of Tillers 


The sequence of tiller appearance from successive nodes on the main stem 
was ascertained by recording for every individual plant the leaf appearance 
age when each tiller on the main stem became visible. Data from the constant 
environment trials and the double reversal trials in the glasshouse are shown 
in Figure 7. The conclusions to be drawn are as follows: — 


(1) When conditions favour a high rate of tillering the axillary bud at each 
successive node appears as a visible tiller 2—2 !/, leaf appearance intervals 
after the appearance of its subtending leaf. This gives one mature and one 
developing leaf above the tiller when it appears. 


(2) Unfavourable conditions tend to cause a delay in the time of appear- 
ance of many tillers. Under constant or improving conditions the trend 
towards delayed appearance becomes less at successive nodes up the main 
stem and in the constant environment trials it had almost disappeared on 
tiller 4 in all treatments. The reverse trend can be induced where there is 
an appropriate change from favourable to unfavourable conditions, in this 
case from full light to shade in the glasshouse. However where the deteriora- 
tion in growth conditions is not sufficient to greatly change pattern of tiller 
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Figure 7. The rate of tiller appearance from individual nodes on the main stems of the 

various groups of plants grown under constant environment conditions (7 A), and in the 

double reversal shading trial in the glasshouse (7 B). The percentages of the axillary buds 

in each of the leaf axils which had developed to visible tillers (ordinate) are plotted for 

successive leaf appearance ages. These ages are assessed for each plant individually and 
not for the group as a whole. 
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Table 7. Effect of delay in time of appearance on the size of tillers of S.R. at 700 — 65. 


————@ 
1 | | 


| Tiller Two Tiller Three | 
Early: | Late Early Late 
Appearing | Appearing | Appearing | Appearing 
| 
Leaf appearance age at appearance | | 
ORAN era re c-eecscs 5.0 6.6 5.9 6.8 
| Length of Leaf 1 (cm) ............... 6.5. | 0.8 106 : 3.2 | 
Length of Leaf 2 (cm).. oa 18.3 6.4 19.6 10.6 | 
Days between appearance ‘of ‘leaf | 
Ie and leaf 2 ec 4.8 | 2.2 6.1 2.4 


development the reversal of the normal trend may not appear. Such was 
the.case with plants in the double reversal trial outside. 


Characteristics of Delayed Tillers 


It was noted that the more a tiller is delayed the poorer is its subsequent 
growth. The tendency for axillary buds of S.R. to continue developing 
slowly despite adverse conditions, and eventually to appear as a tiller, enables 
a clear example of the situation to be drawn from the plants grown at 
700— 65. Tillers from the axils of leaf 2 and leaf 3 were ranged in order 
of the plant’s leaf appearance age at the time the tiller appeared. With 
increasing delay there was a steady trend toward smaller initial leaves with 
a shorter leaf appearance interval between them. The measurements for each 
tiller position have been summarised by dividing them into two equal groups, 
one for the earlier tillers and the other for the later tillers, and presenting 
the group means (Table 7). 

For tiller 2 the mean length of the lamina of the first leaf in the late group 
is only 0.8 cm. Laminae as short as 0.2 cm were present, and examples 
have been seen elsewhere where a lamina was no more than a very small 
fringe at the top of a short sheath. There was another case where, following 
a change to less favourable conditions, the first leaf of tiller 2 appeared 
but died within a day or two. Yet the axillary bud must have remained viable 
since two weeks later leaves grew out and an active tiller was formed. This 
evidence leads to the suggestion that factors delaying the appearance of a 
tiller operate more to suppress the cycle of growth of young leaves than to 
retard the continued development at the actual bud apex. 


Leaf Dimensions 


Ryegrass leaves have quite a simple outline. Changes in their dimensions 
can therefore be adequately described by the components, weight per unit 
area, leaf length, and median width. The product of length and median width 
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Table 8. Weight per unit area of leaf (mg per sq. cm) of plants grown under constant 
environment conditions. 
—————— rm, 
Treatment | 700 — 65 | 700 — 50 | 2000 — 50 | 2000 — 65 


S.R. 1.40 xx 166 xx 2.25 «x 1.90 
S 23 165 ox 212 « 277 «xx 2.31 


Coefficients of variation ranged from 8 °/o to 10 %/o. 


gives a figure which for comparative purposes is an adequate approximation 
to true leaf area. 

Test determinations indicated that, under uniform conditions, weight per 
unit area remained relatively constant (within +10 °/o) for all live leaves 
on the plant. Therefore » weighted» values calculated by dividing total surface 
area by total weight of leaves will be reasonably characteristic of the plant 
as a whole. These are quoted, in Table 8, for the constant light and tem- 
perature conditions. 

Trebling light intensity raised the weight of tissue per unit area of leaf, 
but at both light levels a 15° F rise in temperature lowered it. Thus for Short 
Rotation dry weight per unit area was at a maximum at 2000 — 50 but fell 
by 41 per cent to a minimum at 700 — 65. 

The weight per unit area of the leaves of S23 was always higher than for 
S.R. under the same conditions. The advantage ranges from 15 °/o to 22 0/0. 
It is noticeable in the field that S23 tends to develop narrower, more rigid 
leaves than S.R. It would appear from these results that this difference in 
growth habit is associated with a consistently higher weight per unit area 
of leaf. 

Determinations made on the plants grown in the double reversal shading 
trials: supported the above conclusions. 

Variations in the linear dimensions of the leaves were found to follow a 
complex pattern of response to differences in light or temperature. In view 
of the multiplicity of effects on leaf shape described in the literature not only 
for Gramineae but for many other families of plants this is not unexpected. 

At any one time about a third of the total number of leaves in a plant 
are in the course of development and therefore of all sizes. Further, the 
initial leaves on a tiller are often below average in size. Any real trends toward 
variations in either leaf area or its components, length and median width, 
are smoothed down by both these factors if measurements for the whole 
plant are averaged. To eliminate this smoothing effect, results presented in 
Figure 8 relate to mature leaves on the main stem. 
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Figure 8. Mean area, length and median width of leaves on the main stem of plants 
grown under constant environment conditions. 


In the constant environment trials it was found that at a mean temperature 
of 65° F there was a steady increase in area of successive leaves on the main 
stem but at a mean temperature of 50° F the rate of increase appeared to 
slow down. Where light was low as well, 700 — 50, area remained constant 
from leaf 5 onwards. 

The origin of these trends in leaf area is shown by the data for length 
and median width. At 50° F the length of successive leaves remained constant 
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Figure 9. Mean length of successive leaves on the main stem of Short Rotation plants 
grown in the double reversal shading trial in the glasshouse (left) and outside (right). 


from leaf 5 onwards, irrespective of light intensity. At 65° F there is a steady 
increase in length of each succeeding leaf to reach a mean of approximately 
24 cm by leaf 7. In contrast the trend towards an increase in width of 
successive leaves up the main stem is much less influenced by temperature. 
It is only where light is low as well (700—50) that median width of successive 
leaves ceases to increase. 

At both 50° F and 65° F the relative changes in median widths of successive 
leaves, induced by the difference in light intensity, were much greater than 
the changes in leaf length. It is interesting to note that at 50° F the rise in 
light intensity considerably increases the average area of leaves of S.R. but 
reduces the area of leaves of S23. 

It will be recollected that although the reduction in light intensity imposed 
in the double reversal trials reduced the rate of leaf appearance in both experi- 
ments, the rate of tillering was little affected where plants were grown 
outside at a generally lower temperature (60° F c.f. 65° F) and higher level 
of light intensity (100 °/o c.f. 65 °/o daylight). By contrast the change in leaf 
shape induced when plants under these conditions were transferred to or 
from the shade was much greater than for plants grown in the glasshouse 
(Figure 9). This appeared mainly as a rapid readjustment in leaf length. 
Even the course of development of leaves already several centimetres long 
when treatment differences were applied was affected. 

Both in the glasshouse and outside the changes in light intensity used had 
relatively less influence on the trends for median width of the leaves. In all 
cases this continued to increase with successive leaves up the main stem. 
In a subsequent trial in New Zealand an actual decrease in median width 
of succeeding leaves has been induced by reinforcing the effect of a reduction 


in light intensity by a rise in temperature. 
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The evident effect of light and temperature on all the leaf dimensions 
examined raises a number of queries concerning the activity of the meriste- 
matic zones responsible for the growth of successive leaves. It also raises the 
question as to how far leaf shape or even leaf width is pre-determined at 
the apex. Adequate consideration of these points is dependent on obtaining 
additional information. 


General discussion 


The range of treatment conditions used is by no means representative 
of all conditions met by ryegrass plants when growing in pastures. However, 
they do approximate reasonably closely to field situations which have been 
observed to influence the habit and rate of growth of the plants present. 
The differences in pattern of development which have been induced are even 
more spectacular than had been suggested by the less precise field observations. 

That individual features of a plant’s development, such as number of 
tillers formed, or shape of leaf, can be influenced by environmental con- 
ditions, has been reported previously from a number of sources, such as 
those referred to in the introduction. It therefore justifies no detailed comment. 

The demonstration that (a) rate or form of development of each one 
of these features is mainly a characteristic of the current light and tem- 
perature conditions under which the plant is growing, and (b) that these 
can rapidly readjust themselves to changes in external environment, are logical 
extensions of the situation described by Went (1944a) for the tomato 
(Lycopersicum esculentum). Under controlled temperature conditions he 
found that the daily increase in length of the main stem, which was used 
as the index of growth rate, was dependent on the particular temperature 
conditions under which the plant was growing. If the temperatures were 
altered there was a rapid readjustment of stem growth. It was also found that 
changing light conditions did not automatically induce a change in rate of 
stem elongation. The occurrence of any response was dependent both on the 
absolute levels of light intensity and on the associated temperature conditions. 
However, there are major differences in form of growth between ryegrass 
and the tomato. This limits the usefulness of detailed comparisons between 
individual features of development of the two plants. For instance it would 
at first sight appear that the constancy of rate of leaf appearance on the 
main stem of ryegrass could be compared with the constancy of rate of 
increase in length of the main stem of tomato. That may be so, but for 
ryegrass at least, any deductions must be qualified by the fact that rate of 
leaf appearance is an imperfect index of meristematic activity around the 
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shoot apex. There is need to consider also trends in leaf length and weight 
per unit length of leaf, before an accurate assessment can be made. 

Within the limitations mentioned above, rate of leaf appearance does 
provide a reasonable index of rate of tissue formation at the centres of growth 
at the top of each shoot. It was clearly evident from the trials under constant 
environment conditions that this is slowest where both light and temperature 
are low, can be increased by raising either light intensity or temperature, 
and is highest when both are raised together. This would suggest that within 
the range of conditions used, meristematic activity (here used to include 
either cell division or elongation) can be stimulated either by the normal 
acceleration of chemical reactions accompanying an increase in temperature, 
or, independent of temperature, by making more energy substrate available 
to the apex. The former effect is well known and the importance of the latter 
is stressed by Went (1944 b) in his interpretation of the influence of thermo- 
periodicity on the growth of tomatoes. 

By contrast, the data for ryegrass concerning rate of leaf appearance show 
an apparently clear difference from the situation reported (Abbé and Phinney 
1951) for the much more closely related maize plant (Zea mays). Here the 
intervals between the appearance of the successive leaves on the main stem 
of the plant became progressively less. The plants were grown under 
sufficiently uniform conditions to eliminate any possibility that this was an 
environmental effect. 

With most maize plants there is comparatively little or no tillering. Almost 
the whole of the tissue formation in the one or more stems which develop 
has to be carried out at the single centre of growth near the apex of each. 
This zone includes both leaf and stem intercalary meristems. Although these 
do show a steady increase in size (Abbé et al 1941) this would be much 
less than the rapid increase in bulk of meristematic tissue made possible by 
the free development of axillary buds to form tillers, as in ryegrass. Yet in both 
ryegrass and maize there is at the same time a rapid increase in quantity of 
assimilatory tissue. Consequently a large increase in photosynthesis and 
resultant formation of tissue substrate would be expected. The evidence 
presented above indicates that an increase in the quantity of energy substrate 
available to the zone of growth at the shoot apex accelerates meristematic 
activity there. Taken together these above observations suggest that in 
ryegrass there is a balance between the rate of increase in amount of active 
meristematic tissue and the ability of the plant to supply energy substrate 
to it. Consequently, rate of leaf appearance from each tiller tends to be 
constant. On the other hand in maize with only one major meristematic 
zone on the stem, the rising supply of energy-substrate resulting from the 
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increased area of leaf causes an increase in the rate of tissue formation round 
the shoot apex. 

Actually a similar situation held for the tomato plants in Went’s experi- 
ments, which were being grown to a single stem (Went 1945). The daily 
rate of stem elongation could be considered constant for any one set of 
temperature conditions if plants of the same height were considered over 
periods of a fortnight or less. However, there were clear trends where the 
whole growth period of the plant was examined. Depending on temperature 
conditions, the rate of stem elongation could increase considerably, decrease, 
or rise to an intermediate peak. These changes were explained in terms of 
supply of carbohydrate reaching the apex. 

Were ryegrass plants examined over a longer period than was done here 
a similar situation might be found to hold for the rate of leaf appearance on 
the main stem or more particularly for rate of tissue formation around a 
shoot apex. 

The results emphasise that even within the strictly vegetative phases of a 
plant’s growth, the various features of its development can behave as 
apparently independent variables. For instance, changes in environmental 
conditions which will stimulate one variable, e.g., rate of leaf appearance, 
may either stimulate or decrease another, e.g., tillering rate. When the 
obvious point that the plant at all times remains a correlated whole is kept 
in mind, the above results raise a number of problems. These are particularly 
concerned with an understanding of the factors influencing the distribution of 
metabolites between various plant tissues and the functioning of various 
active or potential meristems. The apparent variation in the amount of apical 
dominance shown by the plants has already been noted. The present results 
are not sufficient for an adequate consideration of such matters and 
investigations having a direct bearing on these issues are at present being 
undertaken. 


Summary 


(1) The influence of different levels of light intensity and temperature on 
the pattern of development of ryegrass (Lolium spp.) was examined. In all 
experiments two types of ryegrass were used, namely, Aberystwyth S23, an 
English strain of L. perenne, and New Zealand Short Rotation, a selection 
from hybridisations between L. perenne and L. multiflorum. The work was 
concerned solely with young plants in the vegetative phase of growth, i.e., 
when there was no elongation of internodes. 


(2) It was found that the speed and pattern of merphological development 
of the plant as a whole was determined by contemporary rather than by 
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previous light and temperature conditions. A readjustment of the whole 
form of development could occur within a week. 


(3) For all the features of growth which were considered the two types of 
ryegrass showed a differential pattern of response. 


(4) At least for the period between the appearance of leaf 4 and leaf 8 
on the main stem, the interval between the appearance of successive leaves 
was constant where light intensity and temperature conditions were also 
constant. It was changed rapidly by a variation in either light intensity or 
temperature. Raising either of both these factors decreased the number of 
days between the appearance of successive leaves. The rate of appearance 
tended to be uniform on all tillers on a plant. 


(5) Leaf number on the main stem was used to provide a time scale 
whereby rate of tillering could be examined independently of rate of leaf 
appearance. Considered on this basis, raising light intensity, or lowering 
temperature, or both, increased rate of tillering. When conditions favoured 
a high rate of tillering the axillary bud at each node grew out to a visible tiller 
when there was one mature and one developing leaf above it. Unfavourable 
conditions tended to cause a delay in the time of appearance of many tillers. 
If there had been considerable delay in its appearance there was generally 
a great reduction in the length of the initial leaves on that tiller and the 
interval between their appearance was less than normal. 


(6) Dry weight per unit leaf area was increased by lowering temperature 
or raising light intensity. The length and median width of the leaves followed 
a complex pattern of response to light and temperature conditions and acted 
as independent variables. Conditions which influenced leaf length may or 
may not have influence on leaf width. 


This section of the studies was carried out under the guidance of Professor 
E. Ashby. Thanks are also given to colleagues both in England and New 
Zealand for discussion and other forms of assistance. 
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Recognition that plants pass through periods of arrested growth was made 
relatively early. Knight in 1801 noted that vines experience a phase of winter 
rest which must be terminated by a period of exposure to low temperature 
before growth can be resumed. By the time of publication of Sachs’ textbook 
in 1882, it had been recognized that resting periods are common among 
organs of perennation at all levels of the plant kingdom. Interest in recent 
years has centered about controlling the length of the rest period for com- 
mercial purposes (Avery et al., 1947; Crocker, 1948). 

Early plant physiologists used the term »rest» to refer to the phenomenon 
herein considered, and indeed, this is the terminology still used by many 
workers. Some textbooks (Bonner and Galston, 1952; Meyer and Anderson, 
1939), as well as other authors, have however, included rest under the broader 
classification of »dormancy», thus tending to obscure the discrete nature of 
the process (see Curtis and Clark, 1950). It may be questioned whether the 
use of the term rest as a technical term is desirable, since it is not in line 
with accepted dictionary definitions. Unfortunately, however, no more pre- 
cise term is available, and it seems desirable to distinguish the true resting 
condition from the dormant condition. Hence in this paper dormancy will 
be used to refer to the blocking of growth by the direct action of adverse 
environmental conditions, while rest will cover only the more limited period 
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during which a plant will fail to grow even under optimal environmental 
conditions. 

While an understanding of the nature of the winter rest period would be 
of great fundamental significance in an understanding of the factors which 
determine the ability of cells to grow, rest periods are also of immediate 
economic importance. In the case of trees, two contrasting problems are 
presented (Chandler, 1944): (a) Under such climatic conditions as those 
prevailing in California (Chandler, 1944), Georgia (Weinberger, 1939), and 
South Africa (Reinecke, 1931), winters are frequently too mild to provide 
sufficient chilling to terminate rest. A physiological condition characterized 
by delayed foliation, delayed and sporadic blossoming, and blossom abnor- 
malities (Weinberger, 1950) results. (b) In more severe climates, as, for 
example, that of the northeastern United States, the opposite condition 
prevails. The winter rest is broken early, and buds become active during 
the first warm days of spring, only to be damaged or destroyed by a Jate 
frost. 


Influenced by these practical problems, research has been primarily 
directed toward investigations of the termination of the rest period. How- 
ever, from a broader biological viewpoint rest may be considered as a block 
to the normal metabolic functioning of the growing cells. As such, it is 
important in the study of the control of cellular growth. Thus rest in plants 
can be seen to be strikingly similar to the diapause of insect eggs and larvae. 
On this broad basis, the factors associated with the inception of rest are fully 
as important as those associated with its termination. A complete analysis 
of the problem should include: (a) the environmental factors associated with 
the inception and termination of rest, (b) the nature of the block to growth 
which pertains in rest, (c) the point in the metabolic processes at which 
such a block is operative, and (d) the mechanism by which the block is 
produced and removed. 


It has been shown that rest is localized in the individual buds, each of 
which is capable of acting as an independent unit. Evidence for this localiza- 
tion was presented as early as 1900 by Johannsen, who showed (1906) that 
only treated buds will grow following exposure to ether vapor. Jesenko 
(1911) observed that individual buds can be forced into activity by injections 
of water or of alcohol or ether solutions, or by puncturing, and Molish (1908) 
recognized that the effect of warm baths is localized in the treated parts of 
the plant. Similarly, Coville (1920) found that low temperature is effective 
only on the exposed portions of the plant. Because they were able to force 
individual buds of an opposite pair in Syringa vulgaris, Denny and Stanton 
(1928) concluded that rest is localized within the individual buds, and went 
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so far as to suggest that it might be localized only within certain regions 
of the bud. 

In some respects trees provide especially favorable experimental material, 
since in trees the inception of rest is not obscured by immaturity of the buds, 
as is the case in many seeds and spores. Both Johannsen (1906) and Jesenko 
(1912) recognized that defoliation early in the summer will force buds into 
activity, whereas defoliation later in the season is not effective. Gardner 
(1925), working in California, has observed that pear shoots ringed or 
defoliated before August 1 will put forth new leaves, but defoliation after that 
date fails to stimulate growth. In the case of the Acer species used in the 
present investigation, it was found that at Rochester, New York, during the 
1949 season rest was entered by late June in the case of A. platanoides and 
a month later in the case of A. saccharum. These dates were those at which 
the buds first failed to resume growth following experimental defoliation. 

In considering the physiology of the rest period, it is necessary to consider 
the morphology of the experimental system, i.e., the buds. In general, there 
are two types of leaf buds to be considered: (1) The axillary, or lateral, buds 
are formed in the axils of the leaves. (2) The terminal bud is formed by the 
shoot apex. As a result of the phenomenon of apical dominance, most of the 
axillary buds normally develop into shoots only when the inhibiting influence 
of the terminal bud is removed. Hence the problem of the rest period becomes 
primarily the problem of the physiology of the terminal buds; these are the 
buds considered in the present paper. 

Examination of a dormant winter bud shows that it is made up of a series 
of woody scales surrounding a succulent region which consists of leaf prim- 
ordia surrounding the apical meristem (see Figure 1). These leaf primordia 
differentiated from the meristem during the previous summer. In the spring, 
bud opening consists primarily of the expansion of these leaves and the 
elongation of the axis between them. Following leaf expansion and stem 
elongation, first a series of bud scale primordia, and then a series of leaf 
primordia, differentiate from the apical meristem. Rest develops rather slowly 
in this bud, for if the subjacent leaves are removed early in the development 
of the bud, the bud scales, leaf primordia, and axis will rapidly elongate. 
However, as development proceeds, the bud gradually looses this ability to 
respond to defoliation, until finally it enters the true rest period and normally 
requires low temperature treatment before it can again become capable of 
elongation. 

Although information on the respiration of buds is basic to an under- 
standing of the relationship between growth and rest, few data on this 
subject are available in the literature. The workers who have mentioned bud 
respiration (Borodin, 1893; Burstrom and Krogh, 1947; Howard, 1915) have 
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made measurements on whole twigs; in such measurements the bulk of the 
respiration probably originated in the parenchyma and cambium cells of the 
stem, thus tending to obscure the significant respiration of the buds. Because 
of this scarcity of data, the present study of the seasonal respiratory behavior 
of buds was undertaken. 


Material and Methods 


Choice of experimental material. Terminal buds of two species of maple, 
Acer platanoides L. and Acer saccharum Marsh, were used in this investiga- 
tion. The A. platanoides buds were obtained from a single vigorous tree, 
20—25 feet in height, growing in an abandoned nursury. The A. saccharum 
buds were obtained from trees 12—18 inches in height in a planting of seed- 
lings. That both these species have conspicuous rest periods is clear from 
our own experience and from published data (Bramble, 1932; Deuber and 
Bowen, 1929; Olmsted, 1951). 


Maple buds are especially advantageous for studies such as those presented here, 
since they are large, have a relatively simple morphology, and are reasonably free 
from surface deposits of gums and resins. The A. saccharum buds, due to the fact 
that they possess many small chaffy scales, were used only as intact buds. The 
A. platanoides buds are made up of only a few, usually 5, pairs of rather large, 
fleshy or woody scales in an opposite and decussate arrangement around the growing 
region. The growing region is in turn composed of several pairs of leaf primordia, 
a short undifferentiated axis, and the apical meristem. Such buds are admirably 
suited for dissection experiments. For convenience, a key has been established to 
denote the parts of an A. platanoides bud (figure 1), with the bud scales numbered 
1 through 5 starting from the outer, or basal, pair of scales and numbering toward 
the apex. 


Preparation of buds for experiments. Before an experiment, twigs were 
cut from the trees, placed with their cut ends in water, and maintained at 
the approximate experimental temperature for 24 hours. Immediately before 
the experiment, the buds were separated from the stem with a sharp razor 
blade, and placed base down on moist filter paper until transferred to the 
respirometer. When required, dissection was carried out on groups of 4—6 
buds by a matched leaf technique to give two comparable series of groups 
of scales. Two or three growing regions were pooled as a sample; one group 
served as a control for the other. Bud scales were excised by gently bending 
them backward with forceps; a break occurred across the base of the scale. 
Growing regions were cut from the bud base with a sharp razor blade. 

Respirometer construction and respiration measurements. Respiratory 
measurements were carried out using a metal block differential respirometer 
modified from one described by Stern and Kirk (1948). This modification 
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SECTION AA 


GROWING 


SCALE REGION 


Figure 1. A diagram showing sections through the 
terminal leaf bud of Acer platanoides in the winter 
condition. The scales are shaded and are numbered 
1 through 5, beginning with the lower, or outermost, 
scale. 


LONGIT UDINAL 
SECTION 


was developed primarily to permit easy changing of the gas atmosphere in 
the experimental chamber, while utilizing the sensitivity and thermal pro- 
perties of the Stern and Kirk model. 

As shown in figure 2, the respirometer consisted of two chambers bored 
into an aluminum block, and sealed by means of greased lucite gaskets to a 
bottom plate. The chambers were connected by a fine bore capillary tubing 
in which an index droplet of purified kerosene colored with Sudan III moved. 
The experimental material, which respired in a gas atmosphere, was placed 
on a moist piece of filter paper separated from the aluminum by a micro- 
scope cover glass. A disc of KOH-soaked Whatman’s No. 40 filter paper 
suspended from a platinum wire hook served to absorb CO, for oxygen 
uptake measurements. Aerobic carbon dioxide production was measured by 
the »direct» method (Umbreit et al., 1945). 

Because of the metal block construction, the respirometer could have been used 
without a thermostat. However, to obtain the desired temperatures, all experiments 
were carried out in a constant temperature water bath controlled at +0.05° C. At 
25° C. the respirometer did not need to be submerged deeply in the bath. However, 


at 15° and 5° C. total submergence of the block was required; to prevent flooding 
of the chambers, the valve openings were surrounded by »islands» of beeswax. 
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SECTION ZZ 


Figure 2. The respirometer used for measuring bud respiration. Left: A diagram showing 
the construction of the respirometer. A — inlet valves; B — outlet valve; C — lock screw; 
D — lucite gaskets; E — experimental chamber; F — control chamber; G — KOH paper on 
platinum hook; H — respiring material; I — cover glass and filter paper; J — guide pin; 
K — cement; L — capillary; M — index droplet; N — enlargement in the bore of the 
capillary. Right: The respirometer assembled with tubes used for gas flushing. 


Although a cement containing rosin and beeswax in the proportions 1 : 1 was satis- 
factory to cement the capillary in place at room temperature, it proved too brittle 
at lower temperatures, and a 1 :!2 mixture was substituted. 

The respirometer was provided with three valves for use in flushing the experi- 
mental chamber with a gas mixture. One of these opened into the top of each 
chamber; the third opened near the bottom of the experimental chamber. In opera- 
tion, the two upper, or inlet, valves were interconnected and attached to the gas 
source by the special tube shown in figure 2. The gas flow was controlled by the 
operator’s thumb on the side tube. The lower, or outlet, valve was attached to a 
glass capillary tube dipping below the surface of the water bath to indicate the rate 
of gas flow. When the system was closed, gas flowed through the experimental 
chamber from top to bottom. Pressure between the two chambers was largely 
equalized by the interconnection between the inlet valves. However, when gas was 
flowing there was a small pressure difference between the two chambers. The index 
droplet moved under this pressure differential to the end of the tube where it was 
checked, by its own surface tension, at the enlargement provided in the capillary 
at that point. With proper adjustments, up to 200 ml. of gas per minute could be 
passed through the 2 ml. experimental chamber. In practice, about 50 ml. of gas 
was used to flush the chamber; to prevent the drying out of the tissue or the 
saturation of the KOH paper, the gas was passed through NaOH solution and then 
saturated with water vapor before passing into the respirometer. 


The respiration data were calculated according to the formula derived by 
Fenn (1928) for a differential manometer. The terminology used is after 
Umbreit et al. (1945) as follows: 
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Qo2=ul O, mg.—’ hr.—?; dry weight basis, gas atmosphere specified in 
superscript 

Qcoz=ul CO, mg.—* hr.—?; dry weight basis, gas atmosphere specified in 
superscript 

R.Q.=Qco2/Qo2 — the respiratory quotient (the Q measurements being 
made at the oxygen concentration noted) 


Dry weights were obtained by (a) preliminary 10—15 minute drying at 100— 
110° C., (b) 10—12 hour drying at 60° C. in vacuo, (c) storage over CaCl, until 
weighing, and (d) weighing to 0.1 mg. on a Roller-Smith balance. 


Experimental 


Oxygen uptake as a function of the volume percent oxygen. 

Preliminary data showed that while the Qo, of a single intact A. plata- 
noides bud was 0.35, the Qo, of the same bud with the scales separated was 
0.51, an increase of more than 40 per cent. Following this observation, experi- 
ments were performed to determine the effect of oxygen percentage on the 
respiration of intact buds. In these experiments the respiration of each bud 
or group of buds was measured under a succession of different oxygen per- 
centages, beginning with the highest percentage used. The oxygen uptake of 
similar buds was measured in air changed as often as the gas mixtures in 
the experimental respirometers, and showed negligible variation from one 
determination to another. 

Figure 3 A shows the data obtained in one experiment for a group of 3 
A. saccharum buds in a single respirometer. A period of approximately 
5 min. elapsed between the last reading at one oxygen percentage and the 
first reading at the next lower oxygen percentage. Approximately 2—3 
minutes longer were required for temperature and vapor pressure equilibra- 
lion within the respirometer; beyond this period, all the experimental 
observations lie on straight lines, indicating little or no respiratory drift 
within the experimental period. The curves at the lower oxygen percentages 
do not fall off due to the decreasing oxygen pressure in the respirometer, 
because the chamber volume is large relative to the volume of oxygen con- 
sumed. For example, at 5.4 per cent oxygen the measured oxygen uptake 
during the course of the experiment would have reduced the oxygen per- 
centage only about 0.2 per cent, or from 5.4 to 5.2 per cent. 

Figure 3 B shows the data from Figure 3 A plotted as Qo. against oxygen 
percentage. This curve, typical of the response of Acer buds to oxygen, shows 
that oxygen uptake increases with increasing oxygen percentage. Further 
data on this point will be presented in the following paragraphs. However, 
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Figure 3. The effect of oxygen percentage on the oxygen uptake of intact Acer saccharum 

buds at 25° C. The data were obtained from a group of three buds in a single respirometer. 

A — experimental data, with index droplet movement plotted against time at the different 

oxygen percentages used. B — the complete oxygen partial pressure curve, plotted as Qo 
against oxygen percentage. 


it should be noted here that as a result of this observation, it becomes neces- 
sary to differentiate between the respiratory rate, or intensity, and the respira- 
tory capacity of buds. The former must be defined at a specified oxygen 
percentage, while the latter must be measured under such conditions that it 
is independent of oxygen pressure or supply. 

Dissection experiments. To investigate the nature of the observed limita- 
tion in the oxygen uptake of intact buds, oxygen partial pressure curves 
have been determined for groups of dissected A. platanoides bud parts. In 
three separate experiments, groups of buds were dissected into samples as 
previously described, and the oxygen uptake measured under a succession 
of different oxygen percentages. The data were plotted together and the 
smoothed curves drawn. These smoothed curves are shown in figure 4 A. 
They are of two general types: (a) The curves for scales 2, 3, 4, and 5 are, 
within experimental error, identical and have a maximum at an oxygen per- 
centage of between 5 and 10 per cent. (b) The curves for scale 1 and 
the growing region, although not identical, are similar in that they do not 
reach a maximum below the oxygen percentage of air. This maximum for 
these curves probably lies in the region of 30 per cent oxygen. 

By combining the data from dissected bud parts (taking into account the 
weight of these parts as shown in table 1) a theoretical oxygen partial pressure 
curve for the total of the dissected bud has been calculated; this theoretical 
curve is shown in figure 4B plotted in comparison with a curve for an 
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Figure 4. The effect of dissection on the oxygen partial pressure curve of Acer platanoides 

buds. A — curves for individual bud parts; GR is the growing region, while the numbers 

refer to scales. B — a theoretical curve for a whole bud as calculated from the curves for 
the individual parts, and compared with a curve for similar intact buds. 


average of five similar intact buds.. This comparison shows that not only 
does dissection increase the rate of respiration of the bud in air, but also 
that it alters the shape of the oxygen partial pressure curve so that most of 
the oxygen limitation of the intact buds above 20—30 per cent oxygen is 
removed in the dissected buds. Thus it seems that the limitation of oxygen 
uptake in intact buds can be resolved into two components, one associated 
with the organized structure of the bud as a whole, and the other associated 
with factors inherent in the individual parts of the bud. The former is 
apparently the result of the »tightness» of the bud which produces a physical 
limitation to the diffusion of oxygen between the scales. The latter is probably 
the result of the limitation of diffusion to the respiring cells; this limitation 
is the result of such factors as the thickness of the individual scales and the 
permeability of the surface layers to oxygen. It may, however, be indicative 
of a relatively high oxygen concentration required to saturate an oxidative 
enzyme system (see James and Beevers, 1950). 

An analysis of the oxygen uptake of the separated A. platanoides bud parts 
is of use in interpreting the behavior of the bud as an organized structure. 
The sizes of the various bud parts in the winter condition are shown in the 
first four columns of table 1, while the respiratory data for the same bud 
parts are shown in the last two columns of the same table. From these data 
it is clear that, were oxygen diffusion not a limiting factor, the bulk of the 
total bud respiration, approximately 86 per cent, would occur within the 
scales. Only 14 per cent would occur in the tissues of the growing region, the 
leaf primordia and meristem. 


The respiratory capacity may be redefined here as the oxygen uptake of a bud 
or bud part when unlimited by the rate of oxygen diffusion. Unfortunately, these 
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Table 1. Weight and respiratory data! for Acer platanoides bud parts in the 
winter condition. ; 


(a I 


Fresh ‚jo total bud 2 0/0 total | 

| i 0! i 

| Bud part weight jo water Precis Dry Qo, pie eine! 

Moa oe weight weight 
90072 Zen ea eT Sees SS TEEE 
Growing region ......... 12 64 4 3 2.75 14 

I" Scale, pair no. Dre... 3.5 45 11 12 0.69 16 

ae Bs, denis 5.4 48 18 18 0.64 22 | 
» DEMO ean 7.3 50 24 24 0.42 20 

DST Pr ns Re 8.1 48 29 27 0.34 18 | 
> ae lee 5.0 49 16 16 0.38 11 | 


1 Values represent the average of 6 buds on November 28, 1949. 


data indicate only the respiratory capacities of the parts concerned; they do not 
indicate the actual respiratory rate realized in the intact bud. It might be suggested 
that the rate of diffusion to the outer bud parts, the scales, is more rapid than to the 
inner parts of the bud. Under these conditions the scales may actually take up a 
proportionately larger amount of oxygen than these figures indicate. 


Effect of temperature on oxygen uptake. Since it was found that the rate 
of respiration of intact buds is limited by the rate of oxygen diffusion into 
the buds, it seemed likely that a change in the rate of respiration would 
alter the shape of the oxygen partial pressure curve. Accordingly, experiments 
were performed to determine the effect of temperature on the respiration of 
intact A. platanoides and A. saccharum buds. The results are presented in 
figures 5 A and B. They show clearly the anticipated effect of temperature 
on the overall rate of respiration, i.e., the higher the temperature, the higher 
the rate of respiration. To show the effect of temperature on the shape of 
the oxygen partial pressure curves, the rate of respiration has been expressed 
relative to that in an arbitrarily chosen oxygen percentage, in this case the 
highest percentage used. The result of this calculation, which eliminates the 
gross effect of temperature on respiration rates, was not that which had been 
anticipated. As shown in figures 5 C and D, changes in the rate of oxygen 
uptake due to temperature changes have no measurable effect on the shape 
of the oxygen partial pressure curve. 

Although this is the type of result which might be expected if the satura- 
tion of an enzyme by oxygen were involved (James and Beevers, 1950), 
experiments on dissected buds have shown that the primary cause of the 
oxygen limitation is merely a physical limitation of diffusion. Thus, a satis- 
factory explanation for this observation does not seem to be readily forth- 
coming, but might perhaps be sought in the effect of low temperature in 
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Figure 5. The effect of temperature and oxygen percentage on the oxygen uptake of intact 
buds. A and C, Acer platanoides; B and D, Acer saccharum. In C and D the data from A 
and B are expressed relative to the oxygen uptake in the highest oxygen percentage used. 
In A and B the measure of variability used is + twice the standard error of the sample 


zy2 — Ny? Ä 
mean, or Ly Va RR This same measure of variability is also used in figure 6. 


contracting the bud scales and perhaps thus increasing the »tightness» of the 
bud and further limiting the rate of oxygen diffusion. 

Seasonal changes in oxygen uptake. The data previously presented were 
obtained during a relatively short period in November. Experiments under 
standard conditions at intervals throughout the year have shown that seasonal 
changes occur in the rate of oxygen uptake in air. More important, the buds 
undergo very great changes in their respiratory capacity; figure 6 shows 
such seasonal changes for the two species examined. In each species, the 
oxygen partial pressure curve during August is very steep, with no definite 
maximum reached even at 100 per cent oxygen. During autumn and early 
winter, the shape of the curve undergoes little change but the overall respira- 
tory capacity declines markedly. During the latter part of the winter a change 
occurs in the shape of the curve; the oxygen limitation is removed above 
approximately 30 per cent oxygen. In the spring the level of respiration 
rises sharply without a reversion to the original type of oxygen partial 
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Figure 6. Seasonal changes in the oxygen uptake of intact Acer platanoides and Acer 
saccharum buds during the 1949—1950 season. All data were obtained under standard 
conditions at 25° C. 


pressure curve. Thus it seems that the net result of changes in the bud is 
to remove, by the end of the rest period, a large part of the oxygen limitation 
which prevails during early rest. 


Changes in respiratory quotient. As a supplement to the oxygen uptake 
measurements, aerobic carbon dioxide was determined in several experi- 
ments by comparing the gas exchange of bud samples measured with and 
without added KOH. This method introduces errors of perhaps as high as 
10 per cent of the total CO, production, due to differences between samples 
and to CO, measurements near the limit of the sensitivity of the instrument. 
Nevertheless, certain conclusions may be drawn from the data. For example, 
it was found that at high oxygen percentages the respiratory quotient, R.Q., 
of the intact buds is less than 1.0, while at lower oxygen percentages it is 
greater than 1.0; interpolation between these two extremes makes it possible 
to determine with considerable accuracy the point at which the R.Q. is unity. 
The effect of temperature on the volume percent oxygen at that point was 
determined for A. saccharum buds (in October and November); the data are 
presented in figure 7. Within the limits of experimental error and the number 
of data available, it seems that a linear relationship exists between tempera- 
ture and the oxygen percentage at which the R.Q. is 1.0, i.e., the higher the 
temperature the higher the percent oxygen at which that point is reached. 
Similar observations have been made for A. platanoides buds (in late No- 
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Figure 7. The effect of temperature on the percent oxygen at which the respiratory quotient 
of intact Acer saccharum buds is unity. 


Figure 8. The respiratory quotient of intact Acer platanoides buds as a function of percent 
oxygen. A — the effect of temperature. B — seasonal changes during the 1949 season. 
The arrows indicate the percent oxygen at which the R.Q. is 1.0. 

Correction: the figures on the abscissa in figure 8 B should read — 0 — 40 — 80. 


vember) and the complete R.Q.-percent oxygen curves are shown in 
figure 8 A. 

Extending the aerobic carbon dioxide measurements through the season, 
changes in CO, production (under standard conditions, i.e., 25° C.) were 
found to be concomitant with the changes in the respiratory capacity of the 
buds. In August, associated with the severe oxygen limitation, it was found 
that the R.Q. in air is very high, on the order of 1.6, while by November the 
R.Q. for similar buds had dropped to 1.1. Figure 8 B shows the seasonal dif- 
ferences in the R.Q.-oxygen percentage curves for A. platanoides buds in 
August and in November of 1949. 

Anaerobic carbon dioxide production. Measurements of anaerobic CO, 
production in dissected A. platanoides bud parts are highly indicative of the 
b air 
co,/ Qo 
greater than 0.33. Figure 9 shows this ratio for dissected bud parts. 


presence of a strong »Pasteur» effect as evidenced by a À ratio 


In this experiment, buds which had been on twigs stored at either 5° C. or 25° C. 
for a six-week period were used. For each scale the ratio was found to be on the 
order of 1.0, while the ratio for the growing region was found to be higher, on the 
order of 1.5. This value of 1.5 is, however, somewhat too high since figure 4 shows 
the oxygen uptake of growing regions in air to be limited about 10 per cent by 
oxygen diffusion. The value corrected to maximum oxygen uptake would then be 
nearer 1.4 which is, nevertheless, appreciably higher than in the case of the bud 


scales. 
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Figure 9. The ratio of fermentation/respiration in Acer pla- 
tanoides bud parts after bud storage for six weeks. [ ] 25° C. 
storage, Z 5° C. storage. Measurements made at 25° C. 


Discussion 


The data presented in the preceding section show features of bud respira- 
tion which have not previously been recognized. The problem is whether 
these data may be used to form a working hypothesis as to the nature of the 
rest period and hence to direct further experimental work. According to 
present concepts of cellular growth, rest may conceivably be the result of 
the operation of one of two alternative mechanisms: (a) Rest may be the 
result of the absence from the cells of a factor necessary for growth. In the 
case of trees, the chief evidence in this direction seems to lie in statement by 
van Overbeek (1942), who noted that dormant apple buds lack an embryo- 
stimulating factor present in non-dormant buds. Unfortunately, the published 
observation is not sufficiently specific to permit an evaluation of its validity; 
there is no evidence as to whether the buds in question were actually in the 
true rest period or whether they were merely dormant. (b) A growth- 
inhibiting factor may be present in the cells. As a result of the recognition 
that auxin can act to inhibit the growth of axillary buds (Thimann and 
Skoog, 1933), some workers (Bennett and Skoog, 1938; Kassem, 1944; Malan, 
1939) have investigated the possibility that it may also function in the rest 
period. Present evidence on this point seems to be quite inconclusive. How- 
ever, it is interesting to note that Hemberg (1949 b) has reported finding in 
resting Fraxinus buds an anti-auxin factor which disappears with the ter- 
mination of rest. This observation has also been made in the case of potato 
tubers (Hemberg, 1949 a). If it is assumed that maple buds contain a similar 
growth-inhibiting factor, then the present data may be interpreted relative to 
this latter type of mechanism. 

The crux of the problem seems to lie in the relationship between respira- 
tion and fermentation in the buds, fermentation here being used in the sense 
of carbon dioxide production unaccompanied by oxygen uptake. It has been 
found that (a) the buds possess a high anaerobic fermentative capacity, and 
(b) the oxygen uptake of intact buds is, during a large part of the year, 
normally limited by oxygen diffusion. The high respiratory quotient observed 
during the summer therefore seems to be due to the preponderance of fer- 
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mentation over respiration in the inner bud organs, this situation being the 
direct result of the limitation of oxygen diffusion to the inner parts of the 
bud. Since the high respiratory quotient is apparently maintained for a con- 
siderable period, it might be suspected that a true alcoholic fermentation is 
not the primary mechanism, since there is no visible injury to the bud as 
would be expected if relatively large amounts of alcohol were produced. Rather, 
it seems probable that the reduced products are relatively non-toxic. If it is 
postulated that one or more of these products of partial anaerobiosis has 
growth-inhibiting activity, then the formation of such a growth-inhibitor 
would occur during the inception and deepening of rest, the period during 
which a high R.Q. is observed. Such a growth-inhibitor could conceivably 
be remetabolized and removed from the system with the removal of the 
block to oxygen diffusion. As already shown, this block is removed by 
(a) changes in the respiratory capacity of the bud during the early part of 
the winter period, and (b) the effect of low temperature in decreasing the 
oxygen concentration at which the R.Q. is 1.0. Thus, assuming that Acer buds 
behave in a manner similar to Fraxinus buds, the termination of rest coincides 
in time with the lowered R.Q. and the disappearance of the anti-auxin 
factor. 


This hypothesis suggests several problems for further investigation. The most 
important of these is the extent to which the oxygen uptake of different parts of 
the bud is limited by oxygen diffusion, and the actual degree to which the fermenta- 
tion in the various bud parts contributes to the high overall R.Q. The position of the 
growing region at the center of the bud would seem to subject it to the most severe 
oxygen limitation. Further, both the relatively higher fermentative capacity and 
the high oxygen saturation level of the growing region suggest that it may be rela- 
tively more active in fermentation than the bud scales, even under a comparable 
oxygen limitation. Although it is difficult to conceive of such an important group 
of tissues existing for a part of its annual development under partial anaerobiosis, 
in view of the data presented here such a possibility must be considered and further 
investigated. 

Unfortunately, the summer respiratory data presented in this paper were obtained 
after the onset of the rest period and may therefore perhaps not be considered as 
directly related to the onset of rest. It is, however, known (Johannsen, 1906) that 
rest deepens during the summer, reaching a maximum sometime in early autumn. 
The data presented here correspond to this deepening period. Further, it is evident 
that the proposed mechanism is dependent first on bud closure (the formation of 
the bud scales), and bud closure may in itself perhaps be considered as an early 
stage in the inception of rest, even though defoliation can stimulate buds into 
activity for a time thereafter. In view of the fact that relatively little is known 
concerning the inception of rest, this is a fertile field for further inquiry. 
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Summary 


1. The oxygen uptake and carbon dioxide production of intact and dis- 
sected buds has been measured, and the effect of oxygen percentage and 
seasonal changes on these determined. 

2. Oxygen partial pressure curves show the oxygen uptake of intact buds 
to be normally limited by the rate of oxygen diffusion to the respiring cells. 

3. The oxygen uptake of dissected bud parts has been found to be limited 
at much lower oxygen percentages than in the case of intact buds. 

4. Although lowering the temperature lowers the rate of oxygen uptake 
at any given oxygen percentage, it does not greatly change the overall shape 
of the oxygen partial pressure curve. 

5. Observations on seasonal changes in the respiratory behavior of intact 
buds show that the oxygen limitation is most severe during late summer, is 
lessened during the autumn when the respiratory capacity of the buds is 
depressed, and then is largely removed in late winter and early spring as the 
respiratory capacity of the buds increases. a 

6. Dissected bud parts show a strong »Pasteur» effect; en ER wos ratio 


for the bud scales is near 1.0, and for the growing region near 14. 

7. The limitation of oxygen uptake is reflected by a high aerobic carbon 
dioxide production resulting in a respiratory quotient greater than unity. 

8. The high respiratory quotients have been observed during the months 
of August and September when the limitation of oxygen uptake is most 
severe; the R.Q. differs very little from unity when the limitation is not so 
severe. 

9. Lowering the temperature lowers aerobic carbon dioxide production 
more rapidly than oxygen uptake. 

10. These observations are discussed with reference to a growth-inhibitor 
in buds, and a working hypothesis of the nature of rest in these structures 
is presented. 
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Introduction 


Inhibitors of germination have been found in the seeds of a large number 
of plant species. Evenari (5) in a recent review of this subject has shown 
that 101 plant species which include many families of the plant kingdom 
contain inhibitors of germination. The list includes Avena sativa as an inhibi- 
tor-containing species. It is well known that in order to effect germination 
of Avena seeds in Went’s (16) Avena coleoptile test it is first necessary to 
remove the seed hulls. It does not appear unreasonable to assume that these 
inhibitors exhibit their action on the germination process (es). 

Germination involves the utilization of starch, hence the enzymes alpha- 
and beta-amylase which are capable of degrading large starch molecules 
may be involved in germination. It is of interest to find that inhibitors of 
amylase activity are also found in nature (8, 10). The present study has been 
undertaken to confirm the existence of a germination inhibitor in Avena 
seeds, to determine some of its chemical properties and to determine its 
effect on the activity of some enzymes, especially alpha- and beta-amylase. 
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Materials and Methods 


Intact seeds of Avena sativa var. Victory, stored in a cold room served as 
the source of experimental material. In order that the water-soluble fraction 
of these seeds might be investigated it was customary to place 10 gm of seeds 
in 25 ml of water and to investigate the liquid surrounding the seeds at 
various intervals of time. These water soluble components which were present 
in the medium were examined for their activity on certain enzyme systems. 

Alpha-amylase was obtained commercially 1 having been derived from 
Bacillus subtilis and having a Lintner value of 1800. The activity of this 
enzyme was determined at 35° C at pH 7.0. Calcium ions were added to the 
preparation as 10-* M CaSO, to act as stabilizers of the enzyme. Fifty milli- 
gram quantities of the enzyme preparation were placed in 20 ml of water, 
filtered to remove insoluble particles and 0.5 ml added to a 2 per cent starch 
solution and mixed. The mixture was placed in a constant temperature bath 
at 30° C and after 10 minutes a 1 ml aliquot was removed. The aliquot was 
added to 10 ml of iodine solution prepared according to the Wohlgemuth 
method described by Tauber (13). The employment of a standard dextrin 
solution and the use of an Evelyn colorimeter equipped with a 540 my filter 
were employed to determine the activity of the enzyme. 

Beta-amylase was obtained commercially ' having been isolated from 
barley and standardized to 2000 Lintner. The activity of the enzyme was 
measured by the number of milligrams of maltose formed when the enzyme 
was acting on a given amount of starch. Twenty ml of 2 per cent starch 
solution were placed in a 100 ml flask and the volume made to 30 ml by 
the addition of water. The flask was placed in a water bath maintained at 
30° C for 15 minutes. At the end of this period the reaction was arrested by 
the addition of 10 ml of 0.05 N potassium ferricyanide to a 3 ml portion of 
the mixture. The amount of ferricyanide reduced by sugars and dextrins 
formed during the reaction were determined by the modification of the Blish 
and Sandstedt (1) method by measuring the amount of iodine released during 
the oxidation of KI by ferricyanide using a thiosulfate titration (12). The 
milligrams of maltose formed during the reaction were determined from the 
conversion table of Kneen and Sandstedt (7). 

Certain other enzymes have been investigated in the present study which 
included catalase, ascorbic acid oxidase, polyphenol oxidase and peroxidase. 
With the exception of the last enzyme, the enzymes were measured mano- 
metrically using a Warburg-Barcroft respirometer. Peroxidase activity was 
measured colorimetrically at 675 my, by following the formation of condensa- 


' Alpha- and beta-amylase preparations obtained from General Biochemicals Inc. Chagrin 
Falls, Ohio. 
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tion products of catechol in the presence of hydrogen peroxide. All enzyme 
preparations were obtained from Avena seedlings grown in gravel culture 
beds in the greenhouse for three weeks. The seedlings were ground in a 
Surm juicer and filtered through cheese-cloth and the resulting solution was 
employed directly in the assays. 


Experiments which involved the measurement of growth were performed 
on 10 mm sections of etiolated pea stems. The sections prior to treatment 
with growth promoting substances were placed in a dish of distilled water 
for a 3 hour period in order that native auxin might be removed into the 
surrounding medium. This precaution was observed in order that the effec- 
tiveness of the added compound might be accurately evaluated. The pea 
sections were placed in the dark for a period of 16 hours at the end of which 
the section lengths were recorded. 


Results 


Establishing the Presence of a Germination Inhibitor 


Experiments to establish the presence of a germination inhibitor in Avena 
seeds and if present to determine its rate of removal from the seed were 
undertaken. Fifteen gram aliquots of seeds were subjected to the following 
treatments: 


A. Placement of seeds in running water. 

B. Placements of seeds successively in a series of beakers containing 25 ml 
of water for given time intervals. 

C. Placement of seeds in a beaker containing 25 ml of water for the dura- 
tion of the experiment. 


Fifty seeds were removed after given periods of time and placed on 
moistened filter paper in Petri dishes and the germination recorded after 
96 hours. The results from these experiments are shown in Figure 1. It is 
evident that a water soluble inhibitor of germination is present in the seeds 
of Avena. Continuous removal of the wash-solution (Treatment A) was the 
most effective method of removing a substance that inhibited germination. 
Treatment B which involved the periodic removal of the substance required 
about 10 times the extraction period of Treatment A to approach 100 per cent 
germination. The experiment in which the seeds were maintained in the same 
solution throughout the experiment (Treatment C) failed to exceed 66 per cent 
germination. It will, however, be noted that at the end of a 48 hour period 
there was a maximum germination of 66 per cent beyond which germination 
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Figure 1. Germination response of 
Avena seeds when placed in dif- 
ferent environments. 


Legend: 
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A. Seeds placed in running tap 
water. 

B. Seeds placed in stationary water 
for given periods. 

C. Seeds placed in stationary water 
throughout experiment. 
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was negligible. This decline in germination response may be explained by the 
fact that the seeds had undergone anaerobiosis for the duration of the experi- 
ment. 

The results obtained with respect to the rate of removal of the wash- 
solution are those which might be anticipated if one assumes that a water 
soluble germination inhibitor does exist in this plant material. Having 
established the presence of an inhibitor, experiments were undertaken to 
determine its chemical nature and its effect on some enzyme systems. 


The Effect of the Germination Inhibitor on Alpha-Amylase 


One possible means through which an inhibitor might prevent germination 
may be through inhibition of those enzymes that are capable of degrading 
starch molecules to simpler compounds. An experiment was designed to 
determine the effect of the inhibitor on the activity of alpha-amylase. The 
resuits shown in Figure 2 clearly demonstrate that a quantitative inhibition 
of the enzyme occurs as the concentration of inhibitor is increased. These 
results indicate that the substance present in the wash-solution of Avena 
seeds which, when removed, results in germination is also capable of 
inhibiting the activity of alpha-amylase. To determine whether a relationship 
existed between the amount of inhibitor removed, the percent germination 
of Avena seeds and the inhibition of alpha-amylase the following experiment 
was undertaken. 
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Figure 2. The effect of inhibitor 
concentration on the activity of 
alpha-amylase. 
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Aliquots of the wash-solution obtained in the series of beakers in Treat- 
ment B above were tested for their effect on the activity of alpha-amylase. 
It will be seen in Figure 3 that with increasing loss of inhibitor from the 
seed there was an accumulation in the water of a substance which could 
inhibit amylase. 
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Figure 3. The effect of re- 
moving a germination inhibi- 
tor from Avena seeds on their 
germination and its effect on 
the activity of alpha-amylase. 
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The Effect of the Germination Inhibitor on Some Other Enzymes 


Having established the presence of a germination inhibitor present in the 
wash-solution of Avena that was capable of quantitatively inhibiting alpha- 
amylase it was necessary to determine whether the selection of this enzyme 
had been fortuitous or whether the substance was a non-specific inhibitor. 
Experiments have been carried out to determine the effect of the inhibitor 
on some other enzyme systems. It was found that another enzyme involved 
in the degradation of starch, beta-amylase, was inhibited by the germination 
inhibitor. However, it failed to exhibit as great a sensitivity as had been 
recorded for alpha-amylase. The amount of inhibitor required to inhibit 
beta-amylase by 50 per cent was 1.4 ml, while with alpha-amylase it has 
been shown previously (Figure 1) that 0.80 ml of the same inhibitor solution 
resulted in 50 per cent inhibition of the enzyme. Hence, under the conditions 
of the present experiment it appears that alpha-amylase is considerably more 
sensitive to the inhibitor than beta-amylase. 

Other plant enzymes extracted from Avena seedlings were also investigated. 
It was found that the germination inhibitor did not appreciably influence 
the activity of catalase, peroxidase, ascorbic acid oxidase or polyphenol 
oxidase. 

It is evident from these experiments that the germination inhibitor readily 
diffuses into a surrounding water medium and that the inhibitor is capable 
of inhibiting two enzyme systems which may be associated with the germina- 
tion process. Since alpha-amylase is more sensitive to the inhibitor than beta- 
amylase this enzyme system has been employed to determine the distribu- 
tion, chemical nature and possible mode of action of the inhibitor. 


Distribution of the Inhibitor in Avena Seeds 


To determine if the germination-inhibiting substance was localized in a 
given part of the seed, the seed hull, endosperm and embryo were separated 
from 1,000 seeds and extracted with ether for 30 hours. The ether was used 
because it could be removed easily by evacuation under reduced pressure and 


Table 1. The distribution of a germination inhibitor in Avena seeds. 


Seed part Activity of Alpha-Amylase! | 
PAOD EY ON re 0.98 
Endosperm ...... 1.33 
Hülle kan: 9.55 


! Activity of amylase expressed per cent inhibition/mg dry weight of tissue. 
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the remaining residue then taken up in 10 ml of water. One ml of the 
extract was tested on the activity of alpha-amylase. The results shown in 
Table 1 indicate the distribution of the inhibitor in the seed. It appears that 
the seed hull contains the largest amount of inhibitor although some is 
present in both the endosperm and embryo. 


Chemical Nature of the Germination Inhibitor 


It was noted in early experiments that Avena seeds imparted a yellowish 
coluor to the water in which they were soaking. The solute appeared to be 
colloidal. To determine whether the germination inhibitor from Avena seeds 
was proteinaceous in nature, preparations obtained from the seeds were 
subjected to heating, dialysis and the effect of saturated solutions of ammo- 
nium sulfate. Following such treatments the inhibitor preparation was tested 
for its activity on alpha-amylase. It was found that when the inhibitor was 
subjected to a temperature of 100° C for periods of 5, 10, and 20 minutes 
there was no loss in activity of the preparation with respect to its inhibition 
of alpha-amylase. Dialysis experiments, in which 10 ml of the inhibitor were 
placed in dialysis bags and dialysed against tap water and also phosphate 
buffer, pH 5.9, for periods up to 48 hours failed to result in a loss of activity 
of the preparation. Saturated ammonium sulphate solution likewise failed to 
result in a loss of activity. These experiments show the presence of a heatstable 
system which is incapable of moving through a dialyzing sack, suggesting 
that a polypeptide possessing a relatively high molecular weight was involved 
in the inhibition. To test this latter possibility 2 mg of papain were added to 
ithe inhibitor solution and shaken thoroughly. It was found that samples 
taken 30 minutes after the addition of this enzyme were unable to inhibit 
the activity of alpha-amylase. This experiment confirmed the view that the 
inhibitor might be a polypeptide. 


Possible Mode of Action of the Inhibitor 


It has been shown previously that the inhibitor is capable of inhibiting both 
alpha- and beta-amylase, but not the activity of peroxidase, catalase, ascorbic 
acid oxidase or polyphenol oxidase. The fact that both alpha- and beta- 
amylase are dependent upon free sulfhydryl groups distinguished them from 
the other enzymes investigated. It was considered a possibility that the 
inhibitor might render these sulfhydryl groups unavailable to the enzyme. 
Since it is well established that the dehydrogenase enzyme systems are often 
sulfhydryl dependent and since they are involved in growth, experiments 
were undertaken to determine the effect of the inhibitor on the growth of 
etiolated pea sections in the presence of indoleacetic acid. Figure 4 shows 
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Figure 4. The effect of the germina- 
tion inhibitor from Avena seeds on 
the Pea Straight Growth test. 
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that the pea sections grew 2.9 mm in the presence of 1.0 ppm of indoleacetic 
acid in the absence of the inhibitor and only 1.2 mm in the presence of the 
inhibitor. The inhibition of growth by the germination inhibitor is about 
58 per cent at 1.0 ppm of indoleacetic acid. This growth inhibition may not 
be due to the effect of the inhibitor on the amylases alone but on other 


Figure 5. The effect of glutathione 
on reversing the inhibition of alpha- 
amylase by the germination inhibi- 
tor. (Arrows indicate time gluta- 
thione was added.) 
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Figure 6. The effect of 1,2-dithiopro- 
panol (BAL) on reversing the inhibi- 
tion of alpha-amylase by the ger- 
mination inhibitor. 
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sulfhydryl containing enzymes known to be essential to growth. Since the 
growth experiment does not provide any direct evidence for a sulfhydryl- 
inhibitor complex, more specific experiments were undertaken to test this 
possibility. 

It has recently been shown by Englard et al (4) that preparations of beta- 
amylase inhibited by mercaptide inhibitors could be reactivated by gluta- 
thione and 1,2-dithiopropanol (BAL). If the germination inhibitor acts 
against sulfhydryl groupings, the addition of these compounds to the inhibi- 
tor-enzyme system should be capable of reversing the inhibition. Experi- 
ments to test this show that preparations of alpha-amylase inhibited by the 
germination inhibitor could be partially reactivated by the addition of gluta- 
thione (Figure 5) or by the addition of BAL (Figure 6). Similar results, 
although not as marked, have been obtained in reversing the inhibition of 
beta-amylase. These data provide evidence suggesting that the mode of action 
of the germination inhibitor may be through an inhibitor-sulfhydryl complex. 


The Effect of Glutathione and BAL on Germination 


Since the inhibited enzyme reaction has been reversed by both glutathione 
and BAL it was pertinent to determine the effect of these compounds on 
germination of Avena seeds. Seeds were soaked in various concentrations of 
glutathione and BAL for 8 hours. One hundred seeds were then placed on 
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Figure 7. The effect of glutathione 
and BAL on the germination of 
Avena seeds. 
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moistened filter paper in Petri dishes. Germination was recorded at 96 hours. 
The results shown in Figure 7 clearly demonstrate that both glutathione and 
BAL are capable of stimulating germination. It will be noted that some dif- 
ference exists in the concentration resulting in a maximal response since 
glutathione is most effective at 10-° M while BAL is most effective at 10—“ M. 
The results from these experiments using sulfhydryl reactivators indicate 
that their mode of action on germination may be analogous to their action 
on the inhibition of alpha-amylase. 


Discussion 


The present study has confirmed the existence of a germination inhibitor 
in Avena seeds. It has been shown that the inhibitor is in the highest con- 
centration in the seed hull and that it readily leaches out when the seeds 
are placed in water. This inhibitor of germination has been shown to quan- 
titatively inhibit alpha-amylase and beta-amylase, as well as inhibiting the 
growth of etiolated pea sections. A study of the chemical nature of this 
substance has shown it to be heat-stable, non-dialysable compound that is 
not precipitated by saturated solutions of ammonium sulfate. The activity 
of the inhibitor is lost upon treatment by the enzyme papain. On the basis 
of these experiments it appeared that the germination inhibitor was a poly- 
peptide which possessed a relatively high molecular weight. It is of interest 
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then to examine certain other naturally occurring inhibitors of amylase 
activity. 

An amylase inhibitor has been shown by Kneen and Sandstedt (8) to occur 
in germinated and non-germinated wheat. Their inhibitor was also water 
soluble, however it was precipitated by relatively high concentrations of 
ammonium sulfate. These workers bélieved that their inhibitor was a low 
molecular weight protein or a relatively high molecular weight polypeptide. 
A dialysable inhibitor of amylase has been shown to occur in the bran of 
Leoti Sorghum by Miller and Kneen (10). 

The question arises as to the manner in which an inhibitor of both ger- 
mination and amylase activity might function. The present study has shown 
that, at least, of the enzymes investigated only the amylases were inhibited, 
and yet the substance was capable of inhibiting the growth of etiolated pea 
sections. It is now well established that both alpha- and beta-amylase are 
dependent upon free sulfhydryl groups for their activity and it is known 
that dehydrogenases are often dependent upon these groups. The possibility 
existed that the inhibitor might involve such groupings in effecting its 
response. Certain chemicals are known to inhibit germination, particularly 
unsaturated lactones (11), and these compounds have been shown to react 
with sulfhydryl groupings (2, 6). It has been shown in the present study that 
seeds which contain an inhibitor of germination can be stimulated in their 
response by the addition of such sulfhydryl reactivators as glutathione and 
1,2-dithiopropanol. These compounds are also capable of reversing the inhibi- 
tion of the amylases by the germination inhibitor. 

Certain chemicals capable of overcoming germination inhibition may 
exhibit their effect via an activation of the amylases. Indeed, it has been 
shown that thiocyanates are highly effective in breaking the dormancy of 
potato tubers (17), may also serve as activators for the amylases (3). It has 
been shown that a large number of sulfur-bearing compounds are capable 
of breaking dormancy in a large number of seeds, however it remains for 
their effect on certain enzyme systems, such as the amylases, to be deter- 
mined. 

Naturally occurring inhibitors of growth have been found in two separate 
instances (14, 9) to be protected against by dithiopropanol (BAL) and hence 
these inhibitors presumably affect growth by forming a complex with 
sulfhydryl dependent enzymes. 

This is the first time that the action of a germination inhibitor could be 
explained on the basis of a specific action on given enzyme systems which 
may be involved in the germination process. 
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Summary 


A water-soluble inhibitor of germination has been shown to occur prin- 
cipally in the hull of Avena sativa var. Victory seeds. The substance is 
capable of quantitatively inhibiting alpha- and beta-amylase as well as 
inhibiting the growth of etiolated pea sections. 

A determination of the chemical nature of the germination inhibitor has 
shown it to be non-dialysable and not precipitated by saturated ammonium 
sulfate solutions. It is also stable to temperatures of 100° C for 20 minutes. 
There is, however, a complete loss of activity when the inhibitor is incubated 
with papain, a proteolytic enzyme. 

Evidence is presented that the mode of action of the inhibitor may be due 
to an inhibitor-sulfhydryl complex. Sufhydryl reactivators such as gluta- 
thione and dithiopropanol are capable of reversing the inhibition of the 
amylases. Similary, these same compounds are capable of stimulating the 
germination response of Avena seeds in the presence of the inhibitor. 

The significance of these data is discussed particularly as it demonstrated 
the existence of a naturally-occurring inhibitor of germination which may 
function by inhibiting certain enzymes concerned with germination. 
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The deleterious biological effects of ionizing radiations may be counter- 
acted in a variety of chemical ways. Modern reviews of this field are given 
by Bacq (3) and Hollaender (17). In some instances the mode of action is 
concerned with an interference in the oxidation-reduction system of the cell.. 
It is generally believed that ionizing rays may produce the strongly oxidizing 
but short-lived agents OH, O,H as well as the more stable H,O, through a 
reduction of molecular oxygen in the cells. Accordingly it has been shown 
by many investigators that irradiation during anaerobiosis gives a diminished 
biological effect (cf. e.g. 6, 19, 27, 33, 34). An addition of KCN has the same 
effect (3), although some experiments on Vicia faba roots instead suggested 
au increased damage by the combined KCN treatment and irradiation on 
plant material (22). Thiol compounds, like cystein, glutathion, thioglycol 
etc. may also be used for the same purpose (12, 25, 26, 30). The latter pos- 
sibility is especially interesting because these substances, owing to their rela- 
tively mild physiological action, may be introduced into the cells without 
much damage per se. 

We have used Allium cepa roots and cystein as a protective substance in 
this investigation. In the present paper we shall be concerned with a com- 
parison of the growth changes, the survival percentage and the cytological 


disturbances of x-ray and q-ray irradiated roots, cystein treated and nor- 
mal ones. 


(78) 
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We have to consider the possibility that the cystein effect is at least partly 
exerted via an action on certain important cell constituents, above all on the 
nucleic acid synthesis and turn-over. Hevesy and coworkers and others have 
shown that the DNA-formation is greatly decreased shortly after the irradia- 
tion (1, 2, 16, 18). Enzymes engaged in the oxidation-reduction system of 
the cells are also likely to be affected and possibly also growth determining 
substances such as auxin. Enzymes are known to be inactivated at rather low 
dose levels under certain conditions (e.g. 4, 5, 7—10, 11). 


Material and Methods 


Onions were grown in aerated water tanks at 18.5° C. to a root length averaging 
70 mm. Specimens of uniform size were selected and cleaned and all but 20 roots 
were removed from each onion. The roots were marked with a line of safranin 
20 mm above the tip and the root bundle was parted into two equal groups with 
a rubber band. One half of every onion thus served as a control and the other half 
was subjected to experimental procedures. This proved valuable as the variation in 
growth rate » within» an onion is much less than »between» different onions. Taking 
the mean of measurements of in every instance 10 roots in 8 different onions we 
found the maximal deviations 1 : 1.75 in growth rate per day while the mean of 
10 roots compared with 10 others from the same onion gave the maximal deviations 
1 : 1.08 in the said sample of 8 onions. The results were, however, also checked on 
trials with different onions (cf. Fig. 1). 

The roots were carefully freed from adherent water by wiping with filter paper. 
In order to obtain reproducible uptake of cystein, it is important to perform this 
operation in exactly the same way each time. Drying for two minutes causes no 
damage and facilitates a rather rapid uptake of the acid. Half of the roots of each 
onion were then dipped into cystein solution and the other half into water. Roots 
which were treated with cystein will be referred to as cystein roots while those 
immersed in water will be called water roots. 

The roots were irradiated in a plexiglass container arranged so that both cystein 
and water roots received equal doses. Except when noted, the irradiations were 
given with the roots immersed into solution. The irradiations with x-rays were given 


Fig. 1. Onions subjected to 
procedures described in the 
paper. — I: X-irradiated in 
cystein solution (300 r); Il: 
X-irradiated in water (300 
r); III: Treated with cystein 
solution only; IV: Water 


control. 
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Fig. 2. Varying course of growth curves for three weeks after irradiation with x-rays in 
water and cystein solution. Doses: 0, 410 and 550 r. 


at 155 kV, filter 1 mm Al, intensity 185 r/min. Immediately after irradiation the 
roots were thoroughly rinsed in running water and placed into the water tanks at 
18.5° C. 

The growth rate was computed from measurements made every second day during 
3 weeks or more after irradiation. Sprouts were continuously cut down. Care must 
be taken not to injure the roots when measuring the length. It was shown in 
separate experiments in which roots measured every day were compared with 
others measured every third or fourth day that gentle handling did not disturb the 
growth. Marks on the onions facilitated continuous individual measurements of 
every single root. This proved valuable for the following reasons: the certainty of 
single measurements could be checked, accidentally broken roots identified and 
variations in the individual response to the treatment judged. Repeated trials showed 
a difference S 1 mm in the measurements of single root lengths and up to 0.5 mm 
difference in the mean of 9—10 roots. The various manipulations in connection with 
irradiation may occasionally cause mechanical damage to single roots. Roots which 
were seriously damaged in this way stopped growing within the first few days and 
were often broken. Irradiation with doses given here never caused a break of the 
roots but the growth rate slowed down in a characteristic way (Fig. 2). Roots killed 
from mechanical causes could thus be identified and discarded; when more than 
two broken roots appeared the whole onion was discarded. Some technical details 
concerning the radon treatment and the cytological investigations are given in con- 
nection with the discussion of the corresponding experiments. 
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Results: x-radiation 


Cystein is rapidly taken up by the roots under the actual experimental 
conditions. We noted ihe following protective effect when roots were im- 
mersed in 0.05-M cystein at pH 6.5 for various times varying from 1—30 min. 
before irradiation with 375 r, given in 1 min. 


Immersion) fime; min: „ie. 1 2.5 6 15 30 
protective: effects hair A. Hana ti ] 1.6 3.2 3.2 


Protective effect is defined as the ratio of the growth rates of the roots 
irradiated in cystein to those irradiated in water, calculated at a time when 
the growth depression shows a maximal value (Fig. 2). Individual variations 
occur, but continuing the treatment longer than 15 min. does not seem to 
increase the effect. We have also used that time of pre-treatment in the 
following. 


The cystein, once brought into the cells, may be partly oxidized to cystine or 
the SH-groups may be chemically bound. The acid may also vanish again through 
diffusion if the rate of supply changes, e.g. when the roots are taken up from the 
solution and irradiated in the air. We tried to determine the rate at which the 
cystein loses its protective effect for any of these reasons as follows: Roots, which 
had been treated with cystein in the usual way were rapidly wiped off with filter 
paper, and transferred to a chamber saturated with aqueous vapour for varying 
time before irradiation. Under these conditions the roots could be kept without 
drying for at least 25 min. The results were rather irregular but sometimes suggested 
a rapid loss of the protective power, so that the effect was appreciably diminished 
after some 10 minutes. As the roots had been immersed in solution ca. 50 mm above 
the growth zone it would seem that the decrease is preferably due to some chemical 
change of the acid. Investigations of Warburg and Sakuma (35, 29) showed that 
cystein is rapidly oxidized catalytically in the presence of traces of iron, copper 
and manganese. Preferably one would perhaps expect interactions with the cyto- 
chrome-system which is present at least in wheat roots (21). 

Cystein may also be rinsed out from the roots. Immersion of the cystein treated 
roots in running water for one minute diminished the protective effect appreciably. 

The loss of protective effect when cystein is oxidized, or rinsed out, supports the 
assumption that protection takes place only in the actual presence of free sulfhydryl 
groups in the cells. In this connection we may mention that a number of SH-con- 
taining compounds protected Propionibacterium pentosaceum against irradiation 
whereas the corresponding oxidized compounds gave no protection (12). 


Some preliminary experiments were made using increasing concentrations 
of cystein as well as various pH’s. Increasing the cystein concentration from 
0.01-M, which just shows a weak protective effect, up to 0.15-M at a pH of 
6.5 gave a flat optimum round 0.05-M. A treatment with 0.15-M solution for 
15 min. is, however, quite toxic even after a thorough washing although the 
better survival of the cystein roots was evident after a period of decreasing 


6 
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growth rate relative to the water roots. As stated above we used 0.05-M acid 
in the course of our experiments. This concentration gives rather consistent 
results and seems to be nontoxic except for a slight but transient growth 
depression during the first days after the treatment (Fig. 2; compare also the 
mitotic frequency determinations on cystein treated roots, p. 90). 


In connection with these experiments we made some trials with a number of 
cther amino acids to determine their protective effects, viz. glycine, serine, 
methionine (with an SCH,-group), asparagine, alanine, phenylalanine and gluta- 
mine. None of these substances gave significant protection against the action of 
x-rays. The inability to interfere with the x-ray action is, however, no unambiguous 
result as the explanation might be that the compound in question does not enter 
the cells in the proper form. Cystine, for example, which is often proved to have 
no protective effect is probably precipitated in the organism due to its low solubility. 

Later experiments indicate that other reducing substances, as e.g. ascorbic acid, 
i.e. vitamin C, may also protect the Allium roots against x-ray damage. 

The pH of the cystein solution seems to play no decisive rôle as far as the prin- 
ciple of protective effect is concerned. Slightly alkaline cystein (pH=7.25) gave 
almost as good protection as a slightly acid solution (pH=6.5—6.75). The small 
difference in favour of the latter may be due to the fact that alkaline solutions 
are slightly toxic even after an exposure of only 15 min. We have worked in the 
range 6.5—6.75, preferably at pH 6.5, in the main experiments. Patt and co-workers 
(25, 26, 30) first used highly acid cystein in experiments on mice but reported in 
a later publication a pH of 7—8 and obtained good protection in both instances. 

Judging from some earlier investigations, it seemed probable that cystein, given 
immediately after the irradiation, does not alter the X-ray effect. It seemed, how- 
ever, worth while to reconsider this possibility on the Allium roots. Lea (20) has 
calculated that a certain fraction of the chromosome breaks, formed by the 
irradiation, are restituted again within 4—5 min., after the breakage. The cytological 
investigation of our Allium material suggests a correlation between chromosome 
disturbances, preferably chromosomal breaks, and the protective effect of cystein 
as will be discussed later on. If the cystein is postulated to interfere favourably in 
the restitution of the breaks when administered afterwards one should have a certain 
chance to prove this on growth measurements too, as the acid enters the cells fairly 
rapidly (p. 81). 

In some experiments X-ray doses of various strengths were therefore given within 
1 min. or less to the partly dried roots. These were immersed within 10 sec. after- 
wards in cystein or water. Under these conditions it was not possible to demonstrate 
any protective effect of cystein on the growth of the roots. As a mean of 6 series 
we obtained a growth ratio of 0.95 on the day of maximal growth inhibition, i.e. 
a slight depression from the combined X-ray and cystein treatment. The results 
consequently provide no evidence of a favourable influence of cystein given after 
the radiation in this case. 


Quantitative data concerning the effect of x-rays on growth rate and 
survival were obtained from several experiments with increasing doses. A set 
of curves is given in Fig. 2 showing the course of the irradiation effect on 
the growth rate of cystein roots and of the corresponding water roots. For 
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Fig. 3. Effect of 155 kV x-rays on the percentage survival of roots in water and cystein 
solution. 


comparison the growth rates of unirradiated roots are also plotted. The 
values are expressed as the mean of 10 (9) roots; even those roots are con- 
sidered which stopped growing in the course of the experiments. 

All values for the first day’s growth are abnormally low due to the dis- 
turbances in the growth, caused by the various manipulations with the roots 
and should not be considered as significant. The lower growth rate of cystein 
roots compared with that of water roots at the outset is, however, significant 
and is also evident from the cytological investigation (p. 90). 

The irradiation causes a depression of the growth rate with a minimum 
around day 8—-10. Provided the dose has not been at the lethal level the 
growth rate afterwards increases again and in most cases reaches a second 
maximal value between the days 13—17. This increase in growth rate 
coincides in time with the disappearance of the chromosome disturbances 
(vide Fig. 7) and suggests a partial recovery of the roots after the primary 
irradiation effect. Obviously the growth of the x-rayed cystein roots recovers 
quite rapidly notwithstanding the depression of the growth resulting from 
the cystein treatment alone. Another fall in the growth rate then follows 
leading to a stage of slowly decreasing growth. This second decrease is partly 
due to the normal behaviour of the roots, which show decreasing growth rate 
from the 10th day on — partly, however, a delayed x-ray action has pro- 
bably also some effect. These two effects are superimposed which renders 
the calculation of the remaining growth rate in terms of normal growth 
difficult. 
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Doses up to 250 r caused a temporary decrease in the growth rate, after- 
wards leaving the roots in a rather normal state although the average cross 
section of the irradiated roots was somewhat reduced. Gray (15) has shown 
that such histological changes occur after a dose of 143 r in Vicia roots. 
The meristem continues the growth from a reduced zone of relatively un- 
damaged tissue after the irradiation depression. We have so far estimated 
the protective effect from measurements of the length only. This seems 
permissible as long as we are concerned with a comparison of the irradiation 
effect in cystein 
effect in water 
is essentially independent of whether root length or root volume is measured. 
This holds good as was checked in some trials. Doses of the order of 400— 
600 r were critical for roots irradiated in water. Cystein roots generally 
survived such doses to 70 per cent or better and their growth rate after the 
depression phase tended to more normal values although neither the length 
nor the cross section reached that level. Still higher doses were entirely lethal 
for water roots while cystein roots survived to a certain extent. 

The maximal growth depression can be taken as a measure of the irradia- 
tion effect. The percentage of surviving roots gives a second measure of the 
irradiation effect. To make sure that the survival was definite we continued 
the measurements at least two weeks after the depression maximum. 

In Figs. 3—4 the results from irradiations with increasing x-ray doses are 
plotted. The cystein effect is obvious, irrespective of the manner in which 
it is estimated. The survival percentage curve indicates at the 50 per cent 
cystein 

H,O 


effect on cystein- and water roots and as long as the ratio: 


survival level a dose ratio for of c. 2. 
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This figure fits in well when comparing the following results from irradia- 
tions of roots in aerated and desoxygenated solution (p. 87), and it is of the 
same magnitude as that found by Thoday and Read (33) after irradiation 
of Vicia in nitrogen and oxygen respectively. 


a-radiation 


If cystein at least partly exerts its protective effect by surrounding the 
chromosomes with a mantle of SH-groups, it might be expected that densely 
ionizing radiations such as «-radiation should be able to break through the 
barrier of SH-groups more easily than the more dispersed ionization from 
155 kV x-rays. 


Cystein was dissolved in a freshly prepared solution of radon containing 4.4 
mC/600 ml aerated water (final conc. 0.05 M cystein, pH 6.5—6.6). Onion root 
bundles were immersed in radon solution containing cystein or into radon solution 
having the same activity but without cystein. The radon concentration in the solu- 
tion was checked before and after the experiments. After irradiation the onion roots 
were immediately rinsed with running water and transferred to growth tanks. 
Growth rates were determined as described above. 

The following controls were performed: 


1) Cystein solutions which had been exposed to «a-radiation were iodometrically 
titrated to determine whether cystein had undergone appreciable oxidation. It was 
found that cystein was not oxidized by a-rays under the conditions of these experi- 
ments. 

2) Samples from roots immersed in radon solution were sealed in glass tubes 
and the y-activity measured with a highly sensitive air pressure chamber allowing 
a detection of 0.01 ug Ra. No significant differences were found between cystein 
and water roots; the deviations from the mean values of activity were within +4.5 


per cent. 
3) Radon was found to be rapidly removed from the thin roots with running 


water. It was not possible to detect any activity after 1 min. of rinsing. This is 
probably due to the fact that the roots are essentially free from fats. 


These observations show that the SH-groups of cystein have been intact, 
that the doses have been equal on the cystein- and water roots and that no 
significant activity remains in the roots after the rinsing. A direct comparison 
of the action on the two root bundles, irradiated for equal times may then 
be made. In Figure 5 we have plotted the survival percentage from one 
series of experiments as a function of the time of q-irradiation. These data 
do not indicate any significant protective effect. From the slope of the curves 
showing the growth rate in the maximal depression phase (Figure 6), how- 
ever, it appears likely that some protection has been obtained although not 
sufficient to alter the survival figures. 
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The evidence thus points to a very slight protective effect of cystein against 
a-rays, the numerical value of which is probably less than 1.25. This figure 
is of the same order as the one obtained by Thoday and Read (34) on Vicia. 
They found that the effect of g-radiation with/without oxygen was © 1.3. 
Thus the presence of cystein as well as the withdrawal of oxygen yields less 
protection against «-rays than against x-rays. 

Of interest in this connection are also the works of Nybom et al. in 
barley (23). These authors found no or a quite insignificant effect of HS or 
of the oxygen tension on the sensitivity to the relatively densely ionizing 
neutrons. 

It should be noted that the effect of a«-rays on the growth seems to be a 


Fig. 6. Minimum growth rate mm/day 
after g-irradiation in water and cystein 
solution. 
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strictly exponential function of the dose and that in combination with cystein 
this mode of action is not altered, while after x-irradiation the degree of 
injury increases at a rate which is higher than exponentially. (Cf. also the 
discussion by Gray, 15). 


Anaerobiotic experiments 


We have previously (p. 85) mentioned the influence of the oxygen tension 
during the irradiation on growth and chromosomal disturbances in Vicia 
faba roots (Thoday and Read 5—6). Giles and Riley (13—14) observed fewer 
chromosome breaks in Tradescantia microspores when the inflorescenses 
were irradiated in nitrogen atmosphere. Recent investigations by Read (28) 
and references quoted by him (27) also certify that the presence of oxygen 
in general increases the biological effects (cf. also Nybom, Gustafsson and 
Ehrenberg, 23, 24). 

The question may be raised whether a simultaneous application of two 
protective principles, e.g. if cystein in optimum conc. and anaerobiosis would 
give an additive effect or not. 


Onion root bundles, prepared in the usual way, were therefore immersed half in 
cystein and half in water, both liquids desoxygenated with nitrogen. The whole 
onion was placed in a gas-tight container of plexiglass and the air inside expelled 
with a rapid nitrogen current. Nitrogen was bubbled through the solutions and the 
air inside the container for 30—45 min. before the irradiation and then during the 
treatment. 

Using the same arrangement we also made experiments with half of the bundles 
in aerated solutions and half in nitrogen saturated solutions thus permitting a com- 
parison of the irradiation effect on Allium roots in air-saturated and desoxygenated 
water both without cystein. Judging from the survival percentage in the latter 


air 
experiments we calculated of ratio of the effect in —— -- of the order of 2.0—2.5. 
nitrogen 


This figure agrees well with the difference we found between water roots and cystein 
roots, both irradiated in air (p. 84). 


The main experiments performed in nitrogen as compared with nitro- 
gen+cystein gave results varying between no additive protection by the 
cystein to a slight additive effect up to 1.5. Aithough these results are not 
quite conclusive they suggest a slight additive effect at the most of combined 
nitrogen and cystein treatment. 

Hollaender (17) states that in some cases, as for example when BAL 
(2,3-dimercaptopropanol) and cystein in optimum concentrations are com- 
bined no better protection is obtained than with either of these substances 
used alone, whereas combinations of substances which chemically differ 
more from each other, like alcohol+BAL or alcohol+hydrosulphite often 
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give a strong additive effect. It is thus possible that our experiments indicate 
that the presence of cystein in the roots and lack of oxygen mainly interferes 
in the same processes associated with the protection against the irradiation. 


On individual and strain differences in the protective effect 


In our investigations we mainly employed uniform material from the new 
harvest in the autumn and stored in a cold cellar until used. The investiga- 
tions were performed during the period September 1950—April 1952. It was 
found that the growth was slow and irregular in the autumn and the experi- 
mental results displayed large variations. As a consequence, the main experi- 
ments were both years carried out in late winter-early spring when the 
material showed a rather constant normal growth rate and the irradiation 
effect was found to be more reproducible. 

One interesting exception may be mentioned. In the spring 1951 we stored 
an Egyptian Allium sample which grew about 11}, times as fast as the 
Swedish onion. This sample showed a lower protective effect of cystein. 
With x-rays the »degree of protection», judged from the survival curves did 
not exceed the figure 1.5 and working with «-rays we obtained no protective 
effect at all. The reason for this discrepancy between the two samples is 
unknown. A simple explanation would be that roots from some strains do 
not take up cystein from the solution or do so at a slower rate. Or possibly 
the difference may be sought in the increased metabolic rate of faster growing 
roots which may conceivably cause continuous oxidation or a removal in 
other ways of the SH-groups. It could also be imagined that repair pro- 
cesses in the cells are favoured by the rapid growth. The interesting result 
when growth rate and survival are compared with cytological features in this 
strain is discussed on p. 92. 


Cytological investigations 


Judging from the growth rate and survival curves it could be expected 
that the protective effect is connected with cytological differences between 
cystein and water roots. Slight growth depressions after small doses may 
possibly be ascribed to metabolic disturbances of some growth regulating 
reaction, but the fact that in these experiments the survival percentage is 
considerably higher in the cystein samples makes it more likely that there 
is a direct interference in the mitotic activity. This seems all the more likely 
since irradiation of roots of Vicia faba in air or in a nitrogen atmosphere 


proves that the absence of oxygen greatly reduces the number of chromosome 
aberrations (33). 
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Table 1. Influence of the cystein protection on the cytological effects of x-irradiation. 


Dose: 150 r. 
in noue de A NP OS Re 


| ; ER Roots irradiated in: | 
| Hours after irradiation: - — Percentage cells with: | 
| Water | Cystein solution 
ET Bu ERDE a ER er NEE EEE BR 1:2 ER 
| 24 22,6 + 1,50 | 12,8 + 3,70 | 
48 20,3 + 4,81 | 6,8 + 0,50 féromesome fragments 
72 18,8 + 3,61 | 5,8 + 1,35 
| | 
24 461,70 + 455-3407, | 
48 | 4,8 + 0,90 | 5,6 + 3.40 Ser bridges | 
72 1164380 | BO 0,00, 1] PP reines | 
24 27,3 + 1,26 | 28,3 + 6,90 | Total percentage cells 
| 48 25,1 + 4,14 | 12,4 + 3,52 with chromosome 
| 72 252 A0 DE 9,7 +2,10  Jdisturbances 


In a first series we irradiated the roots with 150 r (Table 1). 


For the cytological survey smear preparations of root tips in aceto-orcein + HCl 
were made 24, 48 and 72 hours after irradiation. Percentage cells with »fragments» 
are computed as the fraction of all counted anaphases which contained fragments 
only. The group labelled »bridges» is quite heterogeneous and includes the following: 
cells with bridges associated with fragments (very frequent), cells which in addition 
contained fragments that were independant of the bridges and cells with bridges 
only (in minority). In the cystein roots we noted a rapid decrease of abnormal 
anaphases of all kinds with time, whereas the results in the water samples indicate 
a longer period during which the abnormities appeared. The ratio of the frequency 
of fragments in water and cystein samples indicates a value of 2—3. This ratio is 
of the sanie order as that Thoday and Read obtained after x-ray irradiation with 
143 r in oxygen and in nitrogen. 


The figure for bridges in the cystein samples is unexpectedly high shortly 
after the irradiation. The explanation might partly be that they are caused by 
a certain general stickiness of the chromosomes after the cystein treatment 
as we noted that roots treated with cystein but not irradiated showed 2—5 
per cent bridges shortly after this treatment while control roots showed hardly 
any such aberrations. 

In a second series we gave a high dose, 740 r, and registered survival per- 
centage, growth rate, mitotic frequency and chromosome disturbances 1— 
10 (7) days after the irradiation (Table 2 and Figure 7). The survival in the 
cystein series was 65 per cent compared with nil in the water series. 


Root tips from several onions were fixed and examined cytologically at the times 
stated in the table. Standard errors were calculated from the variation between the 
roots taken for cytological examination. The growth rate was determined from 
measurements on remaining roots from the same onions. The mitoses were counted 
per microtome section and the mitotic frequency is given relative to control values 
from water roots fixed immediately before the irradiation. Special attention must be 
paid to the possible effect of a 15 min. cystein treatment without irradiation on the 
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Table 2. Influence of the cystein protection on the cytological effects of x-irradiation. 


Dose: 740 r. 

D N f No of Mitosis Percentage cells with 
„9° | Treat- sie ‘ frequency | Chromosome| All kinds of | 

= a“ ment Fe er Felätive AN LE EN bridges and | chromosome 

nn Fa! control fragments | ‘fragments |disturbances 
1 H,O 6 == No mitoses : — = | = | 
1 Cy. 6 cs » » — — — | 
2 H,O 6 78 27,5+ 8,0 11,2+1,5 84,6 + 3,6 | 95,9 + 3,1 | 
2 Cy. 6 | 131 89,8 + 11,0 28,7 + 2,4 57,3 + 4,7 | 86,0 + 3,7 | 
3 H,0 6 | 130 71,6 + 8,9 | 33,2 + 2,2 51,8 + 4,8 | 85,0 + 3,0 | 
3 Cy. 6 | 116 | 71,0 + 14,0 : 29,8 + 4,2 36,2 + 6,4 | 66,0 + 10,1 
4 H,0 | 6 170 | 91,9+ 4,2 | 27,7 + 3,7 47,0 + 5,2 | 74,8 + 4,3 
4 Cy. 5 123 ı 85,4-+ 6,9 | 22,7 + 2,2 42,7+9,7 | 65,4 + 10,0 
5 H,0 6 96 63,6 + 8,9, 20,5 + 2,3 42,6 + 5,6 | 63,0 + 6,2 
5 Cy. | 6 162 84,5 + 12,0 | 13,4 + 2,7 30,5 + 5,7 | 43,9 + 6,6 | 
Gal HO: tien! nez 143 66,0+ 5,2 | 8143,5 | 408+45,5 | 489+ 6,6 
6 Cy. 6 161 84,5 + 7,6; 3,5 + 1,6 8,6 EH 2,0 | 12,0 + 2,6 
a | H,0 6 | 124 56,7 + 5,6 | 3,8 + 2,1 23,2 + 3,6 | 27,0 + 6,6 
RC: 6 | 164 74,0+ 85 1,8+2,5 9,6 + 3,4 | 11,3+ 3,7 | 


mitotic frequency of the roots. It turned out that the mitotic index in cystein treated 
but not irradiated root bundles was only about 70 per cent of that of normal ones 
a few hours ‘after the treatment. This difference was completely levelled within 
48 hours i.e. at the time when mitosis had appeared again after a dose of 740 r on 
the irradiated samples. 


The table shows that both fragments and bridges are less numerous in 
cystein roots, taken as an average over the whole period. Compared with 
the first series, given 150 r, we note a somewhat smaller difference between 
the two root samples, probably due the high dose which conceivably breaks 
through the cystein barrier round the chromosomes. Considering these small 
numerical differences between the peak values it hardly seems likely that 
the better survival of cystein roots can be entirely explained by protection 
against chromosome damage. 

There appears, however, another difference. The mitotic frequency curve 
(Figure 7) of the cystein roots rises very steeply after the initial fall following 
upon the irradiation and shows a peak value on day 2 followed by a period 
of rather constant mitotic activity amounting to around 80 per cent of the 
normal value. H,O-roots reach a peak value on day 4 and the curve drops 
again, as could be expected from the fall in growth rate and subsequent 
death of these roots. Mitosis reappears consequently more rapidly in the 
group »cystein+ x-rays» in spite of the fact that cystein alone produces a 
transient inhibition of the mitotic activity. It seems probable that such an 
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inhibition of the mitosis by this treatment is a quite unspecific effect which 
could be produced by a vast number of chemicals which still do not protect 
against the rays. It is fairly well established that sensitivity increases during 
prophase. Sparrow et. al. (31) found e.g. the increase to reach a peak at 
diplotene in Trillium microspores. In our experiments, however, irradiation 
was given 15 min. after the cystein treatment and one should not expect an 
interference with the mitotic cycle to any appreciable extent in that period. 
It is, however, possible that the acid interferes with the metabolic activity 
of the cells in a way that makes the roots less sensitive to irradiation. 

If the number of total chromosome disturbances per unit area is plotted 
against time a curve is obtained, showing the same skew distribution found 
for the mitotic frequency. Treating the data in the subdivided groups »frag- 
ments» and »bridges» in the same manner gives also very much the same 
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curves. Thus the chromosome disturbances occur sooner, too, in the cystein 
roots. All details considered, it appears that the cystein treated samples pass 
through the period of amitosis and chromosome disturbances more rapidly, 
whereas the quantitative differences between the peak values are rather small. 
This suggests that the restoration of some growth-promoting cell function is 
also operative. 

In a third series we counted smear preparations from onions which did 
not show any protective effect or a very slight one as judged from the 
growth-rate determinations and the survival percentage (p. 88). The results 
confirmed the close relation between the degree of protection and the cyto- 
logical picture in as much as in these samples no significant cytological 
differences could be found. 

The counts during the period 20—-48 hours after an irradiation with 150 r 
gave an average of 18.5+4.2 per cent chromosome aberrations in cystein 
roots and 15.7 +3.9 per cent in water roots. 

We might conclude that a correlation exists between the protective pro- 
perty and the cytological picture. Thoday (32) concludes from a com- 
prehensive study on Vicia roots concerning the effects of irradiations of 
varying ion density that »a considerable contribution to tissue damage arises 
from the damage to the chromosomes». The same conclusion might be drawn 
from these investigations although our results, especially with higher doses, 
indicate the cooperation also of restorative processes of a bioct emical nature. 


Conclusions 


This investigation shows that cystein reduces the irradiation damage to 
Allium roots. The mode of action has much in common with the reduction 
of the irradiation effect which is obtained when oxygen is replaced by nitro- 
gen before the irradiation. The agreement is good with respect to the degree 
of protection in the two cases. A common fact is also that chromosome dis- 
turbances are less numerous in the presence of cystein as well as in anae- 
robiosis. Irradiation with the densely ionizing a-rays on cystein-treated roots 
gives significantly less protection than with x-rays. A figure of c. 1.2 for the 
»protective degree» is probable for a-rays. This is also in good agreement 
with the corresponding nitrogen experiments on Vicia. When cystein-treated 
Allium roots were irradiated in nitrogen atmosphere only a slight additive 
effect of the two protective principles was obtained. 

It would seem that the mentioned agreements favour a radiochemical 
rather than a biochemical interpretation of the protective mechanism. That 
is, the SH-groups of the acid may act detoxicating through an interaction 
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with the deleterious products formed by the ionization of water molecules 
(OH, OH, H,0:, O). The formation of such intermediary products are 
favoured by the presence of oxygen, hence the diminished cell damage in 
nitrogen atmosphere. 

One of the main problems is whether the chromosome disturbances, which 
appear shortly after the irradiation, constitute the main cause for the death 
of the organism and in that case whether the protective effect of cystein is 
due to a direct prevention of chromosome breakage. The apparent parallelism 
which is found to exist between cell damage and cytological disturbances 
with and without cystein makes it evident that the cystein action plays an 
important rôle in that respect although also interaction with biochemical 
systems might add to the effect. As far as cystein is concerned we know 
from e.g. the work of Barron (5) that this substance can protect enzymes 
with sulphydryl groups from being inactivated by x-radiation. A number of 
other observations concerning the interaction of chemicals with the radiation 
also indicate such biochemical effects. 
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and to Mrs. B. Widjer,, V. Hohlfeld and I. Larsson for cooperation throughout this 
work as well as to Mrs. I Ragnhult for help with the a-irradiation experiments. 


We are indepted to the Knut and Alice Wallenberg Foundation and to the Swedish 
Womens Co-operation Guild for Cancer Research for financial support. 


References 


1. Ahlström, L., v. Euler, H. & Hevesy, G.: Die Wirkung von Rôntgenstrahlen auf 
den Nukleinsäureumsatz in den Organen der Ratte. — Ark. f. kem. Bd 19 A No 9: 


1. 1944. 

2. — — — Ueber die indirekte Wirkung von Röntgenstrahlen auf das Jensen Sar- 
com. — Ark. f. kem., Bd 19 A No 13:1. 1945. 

3. Bacq, Z. M.: L’action indirecte du rayonnement X et ultra-violet. — Experientia 7:11. 
1951. 

4, Barron, E. S. G., Dickman, S., Muntz, J. A. & Singer, T. P.: Studies on the mechanism 
of action of ionizing radiations. I: Inhibition of enzymes by x-rays. — J. Gen. 
Physiol. 32: 537. 1949. 

5. — & — Studies on the mechanism of action of ionizing radiations. II: Inhibition 
of sulphydryl enzymes hy alpha, beta and gamma rays. —- J. Gen. Physiol. 32: 
595. 1949. 

6. Crabtree, H. G. & Cramer, W.: Action of radium on cancer cells. Some factors 
determining susceptibility of cancer cells to radium. — Proc. Roy. Soc. London 


B. 113: 238. 1933. 
7. Dale, W. M.: The effect of x-rays on enzymes. — Bioch. J. 34: 1367. 1940. 


8. — The effect of x-rays on the conjugated protein d-amino-acid oxidase. — Bioch. J. 
36: 80. 1940. 
9. — Meredith, W. J. & Tweedie, M. C. K.: Mode of action of ionizing radiations on 


aqueous solutions. — Nature 151: 280. 1943. 


94 


10. 


11. 


12. 


13. 


14. 


15. 


D D 


29: 


30. 


31. 


ARNE FORSSBERG AND NILS NYBOM 


— Davies, J. V. & Meredith, W. J.: Further observations on protective effect in 
radiation chemistry. — Brit. J. Canc. 3:31. 1949. 

Forssberg, A.: Mechanism of the action of x-rays on enzymes in water-solution. — 
Nature 159: 308. 1947. 

— On the possibility of protecting the living organism against roentgen rays by 
chemical means. — Acta Radiol. 33: 296. 1950. 

Giles, N. H. & Riley, H. P.: The effect of oxygen on the frequency of x-ray induced 


chromosomal rearrangements in Tradescantia microspores. — Proc. Nat. Acad. 
Sci. Wash. 35: 640. 1949. 
— & — Studies on the mechanism of the oxygen effect on the radiosensitivity 


of Tradescantia chromosomes. — Proc. Nat. Acad. Sci. Wash. 36: 337. 1950. 

Gray, L. H. & Scholes, M. E.: The effect of ionizing radiations on the broad bean 
root. Part VIII. Growth rate studies and histological analyses. — Brit. J. Radiol. 
24: 82, 176, 228, 285, 348. 1951. 

Hevesy, G.: Nucleic acid metabolism. — Adv. in Biol. and Med. Phys. 1: 409. 1948. 

Hollaender, A., Stapleton, G. E. & Burnett, W. T.: The modification of x-ray sensitivity 
by chemicals. — »Isotopes in Biochemistry» — Ciba Foundation Conf., London 
1951. 

Holmes, B. E.: The indirect effect of x-rays on the synthesis of nucleic acid in vivo. 
— Brit. J. Radiol. 22: 487. 1949. 

Holthusen, H.: Beiträge zur Biologie der Strahlenwirkungen. Untersuchungen an Aska- 
rideneiern. — Arch. ges. Physiol. 187: 1. 1921. 

Lea, D. E.: Actions of Radiations on Living Cells. — Cambr. Univ. Press. 1946. 

Lundegardh, H.: Spectroscopic evidence of the participation of the cytochrome—cyto- 
chrome oxidase system in the transport of salts. Nature 167: 71. 1951. 


. Mottram, J. C.: Variations in the sensitivity of the cell to radiation in relation to 


mitosis. — Brit. J. Radiol. 8: 643. 1935. 

Nybom, N., Gustafsson, A. & Ehrenberg, L.: The injurious action of ionizing radiations 
in plants. — Bot. Notiser 1952. 344—365. 

— Some preliminary experiences from mutation experiments in Chlamydomonas. 
— Hereditas 1953. In press. 

Patt, H. M., Tyree, E. B., Straube, R. L. & Smith, D. E.: Cysteine protection against 
x-irradiation. — Science 110: 213. 1949. 

Patt, H. M., Smith, D. E., Tyree, E. B. & Straube, R. L.: Further studies on modifica- 
tions of sensitivity of x-rays by cysteine. — Proc. Soc. Exp. Biol. and Med. 73: 18. 
1950. 


. Read, J.: Effect of large oxygen pressures on the x-ray sensitivity of the broad bean 


root. — Brit. J. Radiol. 24: 635. 1951. 
— The effect of ionizing radiations on the broad bean root. Part X. The dependence 
of the alpha-ray sensitivity on dissolved oxygen. — Brit. J. Radiol. 25:89, 154. 


1952. 

Sakuma, S.: Ueber die sogenannte Autooxidation des Cysteins. — Bioch. Z. 142: 68. 
1923. 

Smith, D. E., Patt, H. M., Tyree, E. P. & Straube, R. L.: Quantitative aspects of protec- 
tive action of cysteine against x-radiation. — Proc. Soc. Exp. Biol. and Med. 73: 
198. 1950. 

Sparrow, A. H., Moses, M. J. & Straube, R.: A cytological and cytochemical approach 
to an understanding of radiation damage in dividing cells. — Brit. J. Radiol. 


25: 182. 1952. 


GROWTH AND CYTOLOGY OF ALLIUM ROOTS 95 


32. Thoday, J. M.: The effect of ionizing radiation on the broad bean root. — Brit. J. 
Radiol. 24: 572, 622. 1951. 


33. — & Read, J.: Effect of oxygen on the frequency of chromosome aberrations 
produced by x-rays. — Nature 160: 608. 1947. 
34. — — Effect of oxygen on the frequency of chromosome aberrations produced by 


alpha-rays. — Nature 163: 133. 1949. 
35. Warburg, O.: Methode zur Bestimmung von Kupfer und Eisen und über den Kupfer- 
gehalt des Blutserums. — Bioch. Z. 187: 255. 1923. 


PHYSIOLOGIA PLANTARUM, VOL. 6. 1953 


Preliminary Studies on the Synthesis of Polysaccharides 
in the Algae. III. Induction of Polysaccharide Variants 
in Oscillatoria princeps by Low Temperatures 


By 
JEROME F. FREDRICK 1 


Dept. of Biology, Graduate School, New York University 
(Received October 31, 1952) 


The synthesis of polysaccharide in Oscillatoria princeps has been shown 
to proceed from hexose monophosphate (1). The polysaccharide produced is 
the result of the simultaneous activity of two distinct enzymes: a phos- 
phorylase which is responsible for the synthesis of the unit chain or 1:4 
linkages, and a branching enzyme which synthesizes the 1 : 6 linkages and is 
responsible for the branched chains of the polysaccharide (2). 

The usual polysaccharide synthesized by the enzymes of Oscillatoria prin- 
ceps is glycogen-like in being water-soluble and having many branched 
chains (1). A variant type of Oscillatoria is known which synthesizes a poly- 
saccharide having almost exclusively 1 : 4 linkages with no branching, and 
appears to be akin to amylose (2). 

In »normal» Oscillatoria, there is an almost equal activity on the part of 
the phosporylating and the branching enzymes, giving rise to a highly 
branched giucose polymer. In the variant, the activity of the branching 
enzyme is so curtailed that an unbranched polysaccharide is formed. It is the 
ratio of the activity of the two enzymes which will determine the charac- 
teristics of the resulting polysaccharide. The factors affecting this ratio are 
probably responsible for mutations in Oscillatoria, and hence, may be the 


mechanism whereby evolution operates to produce different and new varieties 
in the algae. 


1 Present Address: Treasury Assay Laboratories, Mint Service, New York City. 


[96] 


SYNTHESIS OF POLYSACCHARIDES IN ALGAE. III 97 


It is the purpose of this study to describe the factors influencing this ratio 
in Oscillatoria princeps. 


Experimental 


Single strands of Oscillatoria princeps were isolated by means of a pipette, 
and placed in Gerloff’s modification of Chu no. 10 media (4). The cultures 
were made up in 250 c.c. flasks and subjected to temperature extremes in 
the refrigerator or in the incubator. At the end of a 30 day period, extracts 
were prepared under identical conditions from all the cultures (1). Poly- 
saccharide synthesis was tested in vitro by the methods previously described 
(1). Cytological examination was also made at this time. 

The iodine color of the resulting polysaccharide, together with the absorp- 
tion spectrum of iodine-polysaccharide complex were carefully noted. Any 
variation from a single peak maximum absorption at 550 my was regarded 
as a difference from the normal (1). 


Results 


At temperatures of 5°—10° C, the greatest number of abnormal cells were 
observed. The polysaccharide synthesized by extracts from these low tem- 
perature cultures, differed markedly from the normal. As can be seen in 
Table 1, the greatest number of variants occurred in cultures maintained at 
5° C for 30 days or more. At the higher temperatures, practically no variants 
were observed. | 

All the variants exhibited a coarse, granular peripheral cytoplasm. Some- 
times extremely large granules were observed. These granules consisted of 
matérial deposited in concentric rings around a primary focus. The cells 
were of the same size as normal cells of Oscillatoria. When stained with 
iodine, the peripheral granules became black in color. No such granules were 
observed in normal cells. 

The types of polysaccharide synthesized by extracts prepared from these 


Table 1. Production of polysaccharide variants in Oscillatoria cultures at low temperatures. 


°C Da of Nes Days P-I Complex Max. 
Temp. rands in Ab 
d Culture Observed sorp. (my) 
5 10 10 31 600—620 
10 10 2 34 620 
25 10 0 35 550 
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Table 2. Reversion to normal of polysaccharide variants of Oscillatoria princeps. 


À 


one = New Temp. °C Reversion to Normal | No. of days required 
5 25 all 27 days 
5 30 all 20 
10 25 all 26 
10 32 all 21 


variant strands, ranged from some branching to long, completely unbranched 
molecules (see Table 1). 

When these variant strands were returned to a temperature of 25° C in 
the same media, all gave rise to normal cells, both cytologically and en- 
zymatically. The number of days before this reversion to normal was 
effected can be seen in Table 2. 

The polysaccharide synthesized by extracts prepared from these cultures 
after reversion to normal, showed a single peak iodine complex spectrum with 
maximum absorption only at 550 my. 

To eliminate the possibility of some temperature effect on the prepared 
extracts, extracts of the cultures of the variant were left at 25° C. for 24 to 
48 hours. When these extracts were used for the synthesis of polysaccharide, 
only the variant polysaccharide was formed, and not the normal type. 


Discussion 


Since the synthesis of polysaccharide in Oscillatoria princeps has been 
shown to be due to the simultaneous action of phosporylase and branching 
enzyme on the substrate hexose monophosphate, the type of polysaccharide 
ultimately synthesized will depend upon the relative activities of these two 
enzymes (3). For example, in normal. Oscillatoria, the final polysaccharide 
is the result of about an equal activity on the part of the two enzymes. The 
polysaccharide formed is branched and akin to glycogen (1). In the variant, 
there is a diminution of activity of the branching enzyme to the point where 
a long, unbranched molecule is formed (2). It would seem that the ratio of 
the activity of one enzyme to the other has been altered by growth of the 
alga at the lower temperatures. Hypothetically, if the ratio in the normal 
alga is about equal (activity Phosphorylase/activity Branching Enzyme=1), 
then in the variant where there is a preponderance of 1 : 4 linkages, the ratio 
must be such as to favor the synthesis of 1:4 linkages, indicating that 
phosphorylase is more prominent (P/B enzyme>1). This would in turn 
indicate that the concentration of branching enzyme is less in the variant 
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Oscillatoria than in the normal Oscillatoria. The decrease in concentration 
may be due to an actual lag in the genic synthesis of the branching enzyme, 
or to the presence of some inhibitor substance specific for the branching 
enzyme and present only in the variant. Whatever the actual cause, the end- 
result in vivo is the synthesis of a coarse, granular, non-soluble polysaccharide 
having many of the properties of amylose (2). It is this polysaccharide which 
forms the peripheral granular layer seen in strands of variant Oscillatoria. 

If a thermolabile inhibitor of branching enzyme were present in the 
variant, then returning the cultures to a higher temperature might cause the 
destruction of the inhibiting substance and hence, a return to normal as far 
as further polysaccharide production is concerned. When the cultures were 
returned to the higher temperatures, the new cells proliferated were no longer 
of the variant type; however, leaving the extract from the variant at the 
higher temperatures had no effect on the polysaccharide synthesized. The 
presence of a thermolabile inhibitor was thus deemed not possible. 

The mechanism involved here seems to be one of a genetic nature. There 
is an actual decrease in the concentration of the branching enzyme in the 
variant as compared to the normal alga. This may be due to a lag in the 
genic synthesis of this enzyme, or a modification of the gene causing its 
synthesis. It seems possible that a genic alteration or mutation at the lower 
temperatures, and a reversion to the normal at the higher temperatures were 
effected. 


Summary 


1. Variations in the polysaccharide synthesized by Oscillatoria princeps 
were obtained by growing cultures of the alga at low temperatures. 

2. The cultures from which differences in polysaccharides were noted 
proved to be cytologically different also. 

3. It is suggested that the genic synthesis of branching enzyme has been 
affected by the lower temperatures and that the gene controlling this syn- 
thesis mutates or alters at 5° C. and reverts to normal at 25° C. 
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Extracts of Oscillatoria princeps synthesize a glycogen-like polyglucoside 
from hexose monophosphate (2). A variant of Oscillatoria is known which 
causes the synthesis of a polygiucoside similar to amylose from the same 
substrate (3). It has been suggested that this variant Oscillatoria may be the 
result of a genic mutation which causes a decrease in concentration of 
branching enzyme (3, 4). As a result, there is a dominance of phosporylase 
in the variant, and a long, unbranched polyglucoside consisting mainly of 
alpha 1 : 4 linkages, is formed. 

The differences existing between the normal and the variant polysaccha- 
rides are summarized in Table i. 

The essential difference between the two polyglucosides is that the variant 
contains practically no alpha 1:6 linkages. Since the formation of 1:6 
branched chains has been ascribed to the branching enzyme, it would seem 
probable that the action of the branching enzyme is less in the variant than 
in the normal extract (4). The possibility of a specific inhibitor in the 
variant, has been ruled out (5). The only remaining alternative is that there 
has occurred an actual decrease in the concentration of this enzyme. 

In order to test this hypothesis and to verify the results of iodine-poly- 
saccharide complex absorption spectra, it was decided to apply periodate 
cxidation methods to the analysis of the two types of sugars. 
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Table 1. Comparison of properties of normal and variant Oscillatoria polyglucosides. 
en en En ne 


Property Normal Oscillatoria sugar Variant Oscillatoria sugar 
| Solubility (water) ............... Soluble Retrogrades | 
TOME | COlORMM sco. LE Violet Blue | 
I-P Absorption Spectra | 
(Mia xia Mae 550 mp 610 mp | 
LV CT OLY SIS Meee ee Glucose Glucose 


In general, if the end group assay values obtained by periodate oxidation 
are low, less end groups are present in the polysaccharide, indicating that 
they are all tied up in 1 : 6 linkages. The polysaccharide is therefore, a highly 
branched one. For example, glycogen (from animal sources) has been 
reported as having an E.A.V. of 11 to 12 (1). 

The relationship between E.A.V. and degree of branching is, therefore, 
an inverse one. The more highly branched the molecule, the lower the E.A.V. 
End group assay values as determined by periodate oxidation would then 
serve as a criteria for differentiating and classifying the two types of Oscilla- 
toria polyglucosides. 


Experimental 


Polysaccharides were synthesized by the action of extracts of Oscillatoria 
on buffered substrates of hexose monophosphate as previously described (2). 

The polysaccharides were isolated by addition of 3.0 volumes of cold 5 per 
cent trichloracetic acid to aliquots of the reaction mixture when equilibrium 
had been reached (2). To the filtrate, 1.5 volumes of 92 per cent ethyl alcohol 
were added. The precipitate was centrifuged off and dissolved in distilled 
water to form a 2 per cent solution by weight. 2.0 volumes of 92 per cent 
ethyl alcohol were added to the solution. The precipitate was separated by 
centrifugation, redissolved and reprecipitated once more. It was then washed 
twice with absolute ethanol and placed in a dessicator over calcium chloride 
to dry for 72 hours. 

The precipitated polysaccharides were tested for purity by hydrolysis of 
a given weight after drying for 72 hours, with Normal hydrochloric acid for 
3 hours. Reducing power was then determined in terms of per cent of the 
theoretical with anthrone reagent (8). The results obtained are shown in 
Table 2. 

E.A.V.’s by periodate oxidation were obtained by the method of Potter (6). 
Duplicate samples of each polyglucoside were run together with variant 


polyglucoside samples. 
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Table 2. Purity of the polyglucosides as evidenced by reducing power. 


EEE À 


Sample BB RU gah Non-reducing inert (per cent) 
Normal A kennen 89.6 10.4 
BR essierb 89.2 10.8 
CE ice 89.4 10.6 
Denen 89.4 10.6 
| OF Mao PURE Pc 89.0 11.0 
| ER 88.9 11.1 
Variant A pe. 87.2 12.8 
Baal IR a Geen ene 89.2 10.8 
Oe en serie 89.8 10.2 
DE: ehem re es 89.9 10.1 
EP Ta e  irn eee 90.0 10.0 
Free 89.0 11.0 


Results 


Oscillatoria polysaccharides were obtained with a high degree of purity. 
Less than 12 per cent inert materials were present mainly in the form of 
moisture and inorganic phosphorus. as a result of the enzymatic reaction 
(see Table 2). 

End group oxidation values ranged from 19—21 for the normal Oscilla- 
toria polyglucoside, and from 25—29 for the variant (see Table 3). 

In all cases, maxima were obtained for iodine-polysaccharide complex 
absorption as described (2, 3, 5). These results were essentially the same as 
reported (2, 3). The polyglucosides giving E.A.V.’s below 21 all showed a 
maximum absorption at 550 my. Those giving E.A.V.’s of 22—30 showed 
maximum absorption at 610 my. These values are shown in Table 4 for 
comparative purposes. 


Table 3. Periodate oxidation (E.A.V.) for the two types of sugars. 


Source E. A. V. Sample 1 E. A. V. Sample 2|E. A. V. Average | General E. A. V. 
Normal Ame 21 20 20.5 
Ba id A 21 21 21.0 
CR ee. 19 20 19.5 
1 DD eee 20 20 20.0 
I BEER 19 19 19.0 
Be re 19 21 20.0 20 
VAMADEA cases senaiects 25 26 25.5 
Bae rte chaste 26 26 26.0 
Costa 24 27 25.5 
DA remonte 29 28 28.5 
Patte as 29 29 29.0 
PER nv 30 29 29.5 27 
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Table 4. Comparison of E.A.V. and iodine-polysaccharide complex absorption 
spectra maxima. 
(oA i a ee eee ee 


Sample Average E. A. V. | P.-I. (Maximum my) | Iodine color 
Normal E ....…............…. 19 550 Violet 

Bingen 21 550 Violet 
Mariant!A’ Tele 25 610 Blue 

Eee erraten 29 610 Blue 


The reliability of the periodate oxidation method is shown in Table 5. It 
will be noted that over-oxidation did not become a factor to be considered 
until after the reaction had gone 35 hours or more. The values obtained 
from 20 to 24 hours were used in Table 3. 


Table 5. Reliability of periodate oxidation over a period of 40 hours. 


Hours Normal Oscillatoria sugar (EAV)|Variant Oscillatoria sugar (EAV) 
5 21 29 
10 20 28 
15 19 27 
20 19 27 
25 19 26 
35 18 25 
40 16 24 
Discussion 


The polyglucoside from normal Oscillatoria shows an average E.A.V. of 20. 
Variant Oscillatoria polyglucoside has an E.A.V. of 27. End-group assay 
values have been reported as 12—13 for glycogen (1, 6), 22—27 for amylo- 
pectins (6), and 420—980 for amylose (6). A later paper gives values for 
rabbit liver glycogen of 18—23 (8). 

According to the data, the polyglucoside of normal Oscillatoria princeps 
appears to be more highly branched than that of the variant. The normal 
Oscillatoria sugar is more like animal glycogen (2, 8), while the variant 
Oscillatoria polyglucoside is more like amylopectin (3, 5, 6). 

It can be deduced from the data that there has been less activity of 
branching enzyme in the variant, due to a probable decrease in concentration 
of this enzyme as compared to the normal. Since the decrease in activity 
has been shown not to be a factor of inhibition (5), the only alternative is 
that it has decreased in absolute concentration (4). 
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Iodine color remains but an arbitrary criterion for determining chain 
lengths in polysaccharides. It will be seen (cf. Table 4) that the iodine color 
of the variant polyglucoside having an E.A.V. of 27 is the same as the iodine 
color of amylose with an E.A.V. of 420—980 (9). It follows that absorption 
spectra maxima determined of the P-I complex are likewise unreliable. The 
absorption spectrum maximum of 610 my. for the variant sugar (3) compares 
favorably with that for amylose as determined by Swanson (9). However, 
the E.A.V.’s show wide variance. 

It is possible to conclude from this information that the branching enzyme 
in mutant Oscillatoria is still present, though diminished in concentration. 
On the basis of the spectrophotometric data alone (3), one would have to 
conclude that the branching enzyme is entirely absent because of the apparent 
lack of 1 : 6 glucosidic linkages in the final polyglucoside. 

The situation, as regards the apparent ratio of phosphorylase to branching 
enzyme in the mutant Oscillatoria, is as follows: 


P/BE is greater than 1, 


due to a decrease (not a deletion) in concentration of the branching enzyme. 
It would then seem possible that the genic picture is one of modification, 
rather than deletion, of the gene responsible for the synthesis of branching 
enzyme. 


Conclusions 


A study has been made of the polyglucosides synthesized by cultures of 
Oscillatoria. The variant cultures synthesize a polyglucoside which has an 
EAV of 27 and which resembles amylopectin of higher plants. 

Normal extracts of Oscillatoria princeps synthesize a polyglucoside having 
an EAV of 20 and resembling animal liver glycogen. 

Iodine color and spectrophotometric data are in variance with the results 
obtained by periodate oxidation. 

There is branching enzyme present in variant Oscillatoria, but there has 
been a decrease in absolute concentration of this enzyme. 


The author is deeply indebted to Mr. Milton J. Shapiro for his technical advice, 


and to Mrs. Miriam Fredrick for her patient and constructive reading of the 
manuscript. 
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1. Introduction 


In a previous paper (6) a torsion balance method of transpiration measure- 
ment was described, and experiments with excised shoots of Vaccinium myr- 
tillus from Haugseter at 900 m altitude in Central Norway were reported. In 
order to obtain some information about the general usefulness of this method, 
a number of other species from the same area was investigated also. In most 
cases the course of the transpiration decline curves obtained was in good 
agreement with the calculated formulae, though deviations might occur. 
A detailed treatment of these curves is given elsewhere (7). In the present 
paper the transpiration rates calculated from the curves will be discussed 
and the value of the method as a means of ecological characterization demon- 
strated. 

For a description of the method employed I must refer to the papers cited 
above. The general procedure by taking and handling the samples, weighing, 
control of experimental conditions, etc., was the same as in the blueberry 
experiments. Likewise, the same calculation method was used. The main 
steps may be recalled by an example from the present series of experiments: 


Consider e.g. one of the experiments with Alchemilla alpina (Exp. No. 15B, 
sample No. 215). After the usual treatment serving to induce water saturation and 
opening of stomata three leaves were bundled loosely together and hung on the tor- 
sion balance. Figure 1 shows the size and form of the leaves and table 1 the data 
of the experiment. 

The resulting transpiration decline curve is shown in Figure 2. During the first 
period of the experiment (the stomatal phase) the curve follows an approximately 
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Figure 1. Alchemilla alpina, 
sample No. 215 (Exp. No. 15B). 
Ca. 2/3 nat. size. (Photo J. Bas- 
berg.) 


rectilinear course. The slope of the rectilinear curve fragment can be determined and 
used to calculate the transpiration rate corresponding to the mean coordinates of 
this fragment (t,, y,), according to the formula 

dG; 7, ~G ‘rd Gog G) 

dt ~= loge dt 


E = — 


where E denotes the transpiration rate in mg/g/min., G the freshweight, t the time, 
and y=log G. In the present case we estimate t,=10.10, G,=953.5, and r,— 
— 1000 : d (log G)/dt=2.3000. From these values we obtain E,’=5.05. 

Since the curve runs approximately straight during the last period of the experi- 
ment also (the cuticular phase), the transpiration rate characteristic of this period 
can be calculated in a similar way (t,=13.20, G,=778.0, r,=0.2047, E, =0.367). 


Table 1. Exp. No. 15 B, sample No. 215. Alchemilla alpina. 
Aug. 10. 1948. Barometric pressure 669.7 mm. 


Time Taig G (Weight %o) | y (log G) | Temp. (C.°) | Humid. (9/0) 
10.01 418.3 1000.0 3.0000 17.4 68.7 
06 409.1 978.0 2.9903 17.5 68.7 
A1 397.0 949.1 9773 17.7 68.7 
16 386.4 923.7 9655 17.8 68.7 
26 367.8 879.3 9441 18.0 68.7 
36 357.6 854.9 9319 18.0 68.7 
legume S| 351.0 839.1 9238 18.0 68.7 
| 11.21 344.8 824.3 9161 18.1 68.5 
41 341.0 815.2 9113 18.2 68.2 
12.06 336.9 805.4 9060 18.2 68.2 
'36 332.3 794.4 9000 18.0 67.8 
13.06 327.2 782.2 8933 18.0 67.8 
36 |. 323.2 772.7 8880 18.0 67.8 
14.06 318.9 762.4 8822 18.2 67.8 
.36 313.9 750.4 8753 18.3 67.8 
| 15.06 309.6 740.1 8693 18.3 67.8 
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The values E, and E,, which correspond to different stages of water deficit of 
the leaves, are reduced to water saturation by means of the formula 


The weight of the pressed leaves in air-dry condition (131.2 mg=313.7 °/oo) is 
here taken as an estimate of K (i.e, K=314), and we find (E,),=5.4, (E,),=0.54. 

The atmospheric vapour pressure deficit curve which can be constructed from 
the data in table 1 is now employed to estimate the average saturation deficit during 
the stomatal and the cuticular phase respectively (D,=4.87 mm, D,—5.05 mm). 
These values are employed for reduction of the calculated transpiration rates to 
»standard conditions», i.e. atmospheric pressure 760 mm and »physiological satura- 
tion» deficit 5.0 mm, according to the formula 


pe 5.0 
760 (D,—5 °/o) 


E=E, - 


The reduced E-values obtained in this way (E,=5.3, E,=0.50) are considered to 
represent estimates of the transpiration rates which would obtain under standard 
conditions in water-saturated leaves with stomata open (E,) and closed (E,). 

We may now proceed to consider the middle portion of the curve not covered by 
either of the two straight lines discussed above (the closing phase). We find the 
approximate time limits of this period from the graph: t,=10.22, and t,=12.36. 
The corresponding ordinate values are y,=2.9517, y,=2.9000. Taking t=10.33 as 
time origin (ie., t; = —11, t,=123) we have now the necessary data for calculation 
of the exponential function which can be employed to describe the course of the 
curve during the closing phase. According to formula 11—13 (6, p. 142) we find: 

a=2.9252 b= — 0.0864 k=2.4 


y =2.9252 — 0.0002047 t+ ehe 


For comparison with the experimental data we may calculate the values of y 


which correspond to the actual weighing times. The resulting figures are given in 
table 2. 
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Table 2. Exp. 15 B, sample No. 215. 
Fitting of exponential equation for the closing phase. 


Time | t y G (calculated)| G (observed) Deviation 
10.26 i 2.94 39 878.8 879.3 + 0.5 
.36 3 93-19 854.9 854.9 0 
.51 18 .92 35 838.5 839.1 + 0.6 
11.21 48 .91 55 823.2 824.3 + 1.1 
.41 68 01019 815.3 815.2 =p! 
12.06 93 .90 62 805.8 805.4 — 0.4 


Since the agreement is satisfactory, the calculated restriction coefficient (ß= 
—100 b=8.64), which measures the reduction of the effective aperture of the stomata 
in percentage per minute, may be considered adequate to characterize the course 
of the transpiration decline during stomatal closing. 


The material to be dealt with in the present paper comprises a total of 
197 transpiration curves obtained in experiments with 17 different species. 
All the curves have been treated in the manner illustrated above, and the 
discussion is based on the values of E,, E., and ß thus obtained. 


The latin nomenclature follows Flora of The British Isles (4). 


2. Experiments with Vaccinium vitis-idaea 
(Exp. No. 12 B, 14 B, 20 D, 22 B, 28 a—b, 43 a, and 47 A—D.) 


Vaccinium vitis-idaea is most abundant in comparatively dry and sunny 
localities, but it may also be found in shady places and on hillocks in Sphag- 
num bogs. Thus, the plants of Exp. 22 B were growing on such a hillock 
together with Betula nana, Salix lapponum, Vaccinium myrtillus and V. uli- 
ginosum, Empetrum, Oxycoccus, Melampyrum sylvaticum, Nardus stricta, 
Deschampsia flexuosa, Eriophorum vaginatum, Carex nigra, and C. panicea. 

Material from a moderately dry and shady locality beneath a pine tree 
was chosen for Exp. No. 14B and 43a. Here the red whortleberry was 
growing in company with blueberry, Empetrum, Thelypteris dryopteris, and 
scattered individuals of Linnaea borealis and Maianthemum bifolium. 

The plants of exp. 47 A were found in juniper shrubbery in a narrow 
hollow, effectively shaded by the stem of a big pine tree. The leaves were 
considerably larger in these plants than in any of the other samples. 

The remaining material was taken from localities of the ordinary dry and 
sunny type. Most extreme in this respect was the habitat of the plants used 
in Exp. 20 D, a dry and stony slope where scattered individuals of Vaccinium 


110 GEORG HYGEN 


Table 3. Vaccinium vitis-idaea. Calculated transpiration parameters. 


oo een? 


Exp. No.| Sample No. Es Ec Es - Ec go 8 

RS D A A rc or 3. mn ee on me 

182 1.0 0.16 |. 0.16 15.8 6.5 

12 B 185 2,5 0.11 0.28 4.6 4.9 

188 2.4 0.08 0.20 3.4 7.4 

198 3.4 0.14 0.47 4.0 12.7 

14 B 202 17 0.19 0.33 11.2 3.8 

206 2.5 0.08 0.19 3.0 71 

284 1.8 0.07 0.14 4.0 11.8 

20 p| 288 2.4 0.10 0.24 4.4 6.8 

292 2.4 0.16 0.39 6.7 4.7 

306 2.6 0.11 0.29 4.2 5.1 

22 B 310 2.2 0.13 0.30 5.9 5.2 

314 2.9 0.12 0.36 4.2 6.6 

357 1.3 0.06 0.08 4.6 8.8 

| 359 2.3 0.10 0.23 4.5 8.8 

361 1.3 0.06 0.08 4.6 91 

28 a À 363 2.3 0.15 0.35 6.5 7.9 

| 365 2.2 0.11 0.25 5.0 10.4 

367 2.0 0.06 0.11 2.9 11.7 

358 1.4 0,08 0.12 5.8 12.6 

| 360 1.7 0.13 0.23 7.8 4:6 

ae 362 25 0.07 0.10 4.4 10.6 

28 364 1.4 0.14 0.19 9.8 5.1 

366 1.8 0.11 0.19 5.9 6.6 

368 2.1 0.07 0.14 3.1 8.7 

563 2.5 0.18 0.44 7.1 12.2 

A 565 2.0 0.10 0.19 4.9 8.2 

a 567 2.2 0.17 0.37 77 9.3 

569 1.5 0.16 0.24 10.5 4.9 

611 2.8 0.21 0.60 7.4 10.7 

iii 615 17 0.14 0.23 8.3 12.3 

619 1.1 0.23 0.26 21.1 4.6 

623 0.9 0.13 0.12 14.6 5.1 

612 1.9 0.12 0.23 6.7 4.4 

ut 616 2.0 0.28 0.56 14.4 3.3 

620 2.1 0.17 0.36 8.0 6.8 

624 1.9 0.19 0.37 10.0 6.8 

613 3.4 0.17 0.60 5.1 3.2 

ive 617 2.7 0.18 0.49 6.6 5.0 

621 2.2 0.22 0.49 10.0 4.0 

625 17 0.15 0.25 8.7 3.2 

614 2.8 0.21 0.60 1.5 4.0 

ve 618 2.6 0.17 0.44 6.5 4.4 

622 2.4 0.15 0.36 6.5 3.8 

626 2.8 0.24 | 0.67 8.4 2.9 


vitis-idaea and Antennaria dioica were growing in company with a little 
Rhacomitrium and Cladonia silvatica. The plants of Exp. 28 were also taken 
from a very dry hillside where a loose vegetation of red whortleberry and 
Empetrum was interrupted here and there by lichen patches. 
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Figure 3. Vaccinium vitis-idaea. Calculated standard rates for the cuticular phase (E,) 


and the stomatal phase (E,). Ordinate: Number of samples. Abscissa: Transpiration rate 
in mg/g/min. Note the different scale in the two parts of the diagram. 


Thus, even if the entire range of ecological variation may not be covered 
by the localities chosen, the samples investigated ought to give a fairly 
representative picture of the transpiring properties of the red whortleberry 
in this area. 

The calculated values of E,, E., and 8 are given in table 3, which shows 
also the corresponding »standard products», E, : E., and the quotients q= 
100 : E./Es. 

The most striking feature of this table is the surprising uniformity of the 
values obtained with plant samples from widely differing localities. This 
narrow range of variability is brought out by the distribution diagram 
(figure 3). It can best be quantitatively characterized by calculation of the 
standard errors of the means, giving E,=2.02+0.12, E,=0.140+ 0.008, and 
8 =7.97 + 0.45, i.e., standard errors of approximately 6 0/0. 

An analysis of variance shows the difference between experiments to be not 
significant in E, (F=1.296 against F. —2.92) and scarcely significant in ß 
(F=2.479 against F95=2.13). On the other hand, the difference in E, is 
apparently significant (F=3.70 against F.=2.92). However, this result 
depends entirely on the difference in E, between the series of experiments 
performed in 1948 (Exp. 12—28, E.—0.11) and the series of 1949 (Exp. 
43—47, E,=0.18). When these two series are treated separately, the F-values 
fall far below the level of significance (1948: F=1.288 against F5 —4.58, 
1949: F=2.132 against F65—5.85). 

Experiment No. 28 was set up with the special purpose of finding the 
possible influence of the age of the leaves on transpiration. In a number of 
well developed plants with full-grown leaves the shoots were separated in 
two parts for the experiment, an upper part (series a) with the leaves of the 
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Table 4 Vaccinium vitis-idaea. Average values of transpiration parameters for the dif- 
ferent experiments. 


Exp No Es Ee Es Ee qo ß 
TE ONE SR RER 2.0 0.12 0.21 7.9 6.3 
WAR oe Nr te eee 2.5 0.14 0.33 6.1 7.9 
20 D 20 0.11 0.25 5.0 7.8 
DDR Nr RR A 2.6 0.12 0.32 4.8 5.6 
DS Ne Mn Re 1.9 0.09 0.18 4.7 9.5 
SSD RE LE 17 0.10 0.16 6.1 8.0 
AS ager re 2.1 0.15 0.31 7.6 8.7 
AT CA Re ao mL ee 1,6 0.18 0.30 12.9 8.2 
Agia RATER N 2.0 0.19 0.38 9.8 5.3 
AG CRE Cee ts aot 2.5 0.18 0.46 7.6 3.9 
Fa RE ere ek A BER 97 0.19 0.52 Te 3.8 


year (1948), and a lower part (series b) developed the year before. As table 3 
shows, the calculated transpiration parameters seem not to be significantly 
different in the two series. A t-test applied to the difference between the 
means confirms this impression, giving tao —1.11 in the case of E;, with a 
corresponding P of about 0.3, and t(10, =0.51 for the difference in E.. with a 
corresponding P of about 0.6. 

Because of the narrow range of variability a much greater number of 
experiments would have to be performed if it were considered important to 
establish definite differences between plants from different localities. When 
the average values of the separate experiments are compared (table 4), certain 
indications of the existence of such differences may be found. Thus, the 
lowest values of E and the highest values of ß (i.e., the most rapid closing) 
are observed in Exp. 28 where the plants were taken from an extremely dry 
locality. The values of E, and E, obtained in Exp. 14 B and 43 a with plants 
from a more moderately exposed locality are about 50 per cent higher. The 
correlation between high transpiration rate and slow closing in Exp. 47 C—D 
deserves also to be mentioned. 

The low E,-values observed in the large-leaved plants of Exp. 47 A seem 
surprising. In this case, however, the course of the curves seems to indicate 
that the stomata of the leaves of samples Nos. 615, 619, and 623 have only 
been partly open at the start of the experiment. The curves begin to bend 
off very early, in contrast to the curve obtained with plant No. 611, which 
is distinctly more normal, running stfaight for about 12 minutes after start. 
The average value of E, calculated in Exp. 47 A is, therefore, probably not 
representative of plants with well open stomata. 

Summing up, I think the figures indicate that significant differences be- 
tween samples from different localities may exist, even if the data reported 
here give no conclusive evidence. At any rate, however, the differences in 
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question would be too slight to be of decisive importance in the water economy 
of the plants. It would seem, therefore, that modification of anatomical and 
morphological characters related to shoot transpiration plays a minor role 
in the adaption of red whortleberry to different ecological conditions within 
the investigated area. 


3. Experiments with Vaccinum uliginosum 
(Exp. No. 15 D, 18 C, 22 C, 46 A—D, 48, and 49.) 


Vaccinium uliginosum seems to thrive best on localities with a higher level 
of soil moisture than those preferred by the preceding species, but the two 
are not seldom found together. In exp. No. 22, for instance, material of both 
species was sampled from the same locality (for description see above, 
p. 109). For the two first experiments of the present series rather extreme 
localities were sought out. The plants employed in exp. 15 D were taken 
from a moist depression in a sheltered slope facing north. Several moisture- 
dependent species were here found in company with Vaccinium uliginosum, 
e.g., Sibbaldia procumbens, Alchemilla glomerulans, Epilobium lactiflorum, 
and Polytrichum commune. Carex bigelowii was also found in this place. 

In contrast, the material for exp. No. 18 C was taken from a naked and 
wind-exposed hill-top where Cladonia alpestris and Cetraria islandica were 
the dominating species. Of higher plants the three Vaccinia, Empetrum and 
Nardus were noted, beside a few dwarfed junipers. 

The plants of exp. 46 A, which were growing in a fairly sheltered position 
amidst juniper shrubbery in the heaths, were marked by exceptionally large 
and broad leaves (figure 4), while the plants of exp. 46 B—D had rather 
smallish leaves. The material for exp. 46 B—C was taken from a somewhat 
boggy locality (cp. exp. 22) where V. uliginosum was growing on the hillocks 
in a loose shrubbery of Betula nana, Juniperus, and Salix glauca. Of other 
species found in this place Vaccinium myrtillus, Empetrum hermaphroditum, 
Potentilla erecta, P. palustris, and Rubus chamaemorus may be mentioned. 

In the last experiment of this number (46 D) the plants were taken from 
a dry and barren ridge fully exposed to sun and wind. Finally, the material 
for exp. No. 48 and 49 was again taken from a locality with comparatively 
ample soil moisture. These plants had distinctly larger and more supple 
leaves than those of exp. 46 B-—D (cp. fig. 4). 

The transpiration parameters calculated from the experiments with Vac- 
cinium uliginosum are given in table 5. 

It is evident from a perusal of this table that the range of variation both 
in E,, E., and 6 is fairly narrow in this case also. The distribution diagrams 
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Figure 4. Vaccinium uliginosum. Dried specimen from some of the experiments. From the 

left, upper row: No. 595 and 599 (Exp. 46 A), No. 596 and 600 (Exp. 46B), No. 597 and 

601 (Exp. 46 C), lower row: No. 598 and 610 (Exp. 46 D), No. 627 and 630 (Exp. 18), 
No. 637 and 638 (Exp. 49). (Photo J. Basberg.) 


(fig. 5) show this more clearly, and by calculation of the standard errors 
of the means we find E,—4.24 + 0.18, E.=1.218 + 0.056, 8=3.07 +0.21. Thus, 
the standard error is less than 4.5 per cent in E, and about 6.5 per cent in f. 
Nevertheless, the variation between experiments seems more distinct than 
in the red whortleberry series. By analysis of variance this difference can be 
demonstrated to be highly significant. This applies both to Es, E., and 8, 
since the corresponding F-values are 11.69, 5.85, and 8.95 respectively, against 
F 901 =4.8. This greater variability in transpiring properties is in good agree- 
ment with the more pronounced morphological heterogeneity observed in 
V. uliginosum as compared with V. vitis-idaea. 

Since no attempt was made to characterize quantitatively either soil con- 
ditions and exposition of the habitat, or anatomy and morphology of the 
plants, definite correlations cannot be worked out. However, I should like 
to draw attention to a few points which emerge from a comparison of the 
average values for the different experiments (table 6). 

First of all, the exceptionally low values of E, found in exp. 22 C must be 
emphasized. The comparatively good agreement between the three individual 
samples of this experiment (No. 307, 311, and 315) indicates that the devia- 
tion may be more than a chance phenomenon. This possibility is born out 
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Table 5. Vaccinium uliginosum. Calculated transpiration parameters. 
ee 


! 

|Exp. No. | Sample No. Es Ec Es - Ec qo 8 
D eee 

213 4.5 0.9 4.1 20 2.9 

15 D 217 4.0 1.2 4.8 31 3.2 

221 4.6 1.3 5.8 27 3.3 

256 3.4 1.1 3.9 33 1.7 

| er 260 3.4 1.4 4.7 40 1.8 

3.9 1.5 5.8 38 2.4 

| 268 3.2 1.2 4.0 39 2.3 

307 3.6 0.4 1.5 12 1.4 

22 C 311 3.7 0.7 2.5 19 1.3 

315 5,7 0.7 3.9 16 2.0 

595 4.5 1.7 7.5 37 | 15 

ER 599 4.8 1.3 6.4 28 2.0 

| 603 5.0 1.8 91 36 1.9 

| 607 41 1.0 4.3 25 2.1 

596 4.2 1.0 4.2 23 2.7 

ee 600 43 1.8 7.9 43 2.0 

604 3.8 1.2 4.4 31 1.8 

608 ' 3.9 1.6 6.3 41 2.2 

597 2.5 1.1 2.7 43 5.5 

Fu 601 2.8 0.9 2.5 21 3.2 

605 1.6 0.7 1.2 44 4.5 

609 2.0 0.8 1.7 42 2.8 

598 3.3 1.0 3.3 29 3.1 

ran 602 4.4 1.0 4.3 22 3.9 

606 3.9 1.1 4.2 28 3.4 

610 3.4 1.0 3.5 30 3.5 

627 gs 1.2 7.6 18 3.1 

| 628 5.5 1.5 8.0 26 5.3 

re 629 4.9 1.1 51 22 3.7 

630 5.9 1:6 9.3 27 6.5 

631 4.7 1.1 5.0 22 5.0 

632 5.9 1.5 8.6 25 4.2 

| 633 3.8 1.2 44 31 2.9 

| 634 47 1.7 7.8 35 3.3 

: 635 4.6 1.4 6.4 30 2.8 

Os) 4 636 5.9 1.5 8.7 25 4.1 

637 5.3 2.0 10.3 37 3.1 

638 5.0 1.5 7.4 30 44 


also by the corresponding average value of the restriction coefficient, which 
is the lowest found in V. uliginosum. 

As mentioned above, the material for this experiment was taken from 
hillocks in a Sphagnum bog. Exp. No. 46 B and 46 C were made with plants 
from a similar locality, growing a short distance apart in different positions, 
the latter apparently a little dryer than the first. The plants of these two 
experiments differ in transpiring properties also. Whereas the figures found 
in exp. 46B are close to the average, transpiration is much lower in the 
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Figure 5. Vaccinium uliginosum. Calculated standard rates for the cuticular phase (E,) 
and the stomatal phase (E,). Ordinate: Number of samples. Abscissa: Transpiration rate 
in mg/g/min. Note the different scales in the two parts of the diagram. 


plants of exp. 46 C, and the »standard product» derived from the data of this 
experiment is particularly low. The difference is probably related to the 
moisture conditions of the habitat. In a tufted bog, the water supply depends 
upon the position of the plants relative to the hillocks, and quite considerable 
differences may occur. It must be mentioned in this connection that Firbas 
found similar differences in the actual transpiration rate of Vaccinium uligi- 
nosum and Calluna vulgaris under natural conditions (5). Plants from the 
moist Sphagnetum transpired on the average much more vigorously than 
individuals taken from the dryer hillocks. 

Firbas found, further, that the Vaccinia developed a distinctly xermo- 
morphic structure when growing in bogs. Probably, therefore, plants with 
a structurally determined, low transpiring power may be characteristic of 
certain bog localities. The low figures derived from exp. 22C and 46C 
(table 5) confirm this view, perhaps more definitely than Firbas’ own trans- 
piration measurements, since the figures presented here measure the trans- 
piring properties of the plants approximately independent of the conditions 
prevailing in nature at the time of the experiment. In view of the much 
discussed question of the »physiological dryness» of bogs this point would 
seem to deserve further investigation, for the number of experiments reported 
here is certainly too small to allow generalization. 


A second point worth mentioning is the surprisingly good agreement found 
between the data of exp. 15 D and 18 C, in spite of the fact that the plants 
for these two experiments were taken from localities which appeared to be 
extremely different in virtually every respect (see description above). This 
example may serve as a convincing demonstration of the necessity to show 
the utmost caution when generalized statements are attempted in this field. 
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Table 6. Vaccinium uliginosum. Average values of transpiration parameters for the dif- 
fereni experiments. 


Exp. No. Es Ee Es - Ec go 8 

a a a ee 

EDD etc cree he 4.4 1218 4.9 | 26.1 3.1 

LS een. 3.5 1.30 4.6 37.3 2.0 

PUA One aan 4.3 0.60 2.7 15.6 1.6 | 

OPA ee ne een 4.6 1.46 6.8 31.5 1.8 | 

46 B 4.1 1.39 5.7 34.5 2.2 

AGRCTPPIMENY AE 2.2 0.88 2.0 37.2 4.0 | 

AGM he Aura run 3.8 1.01 3.8 27.4 3.5 | 

CS Repco En 5.6 1.29 1-3 23.2 4.6 

PET ee POSER BAEC 4.9 1551 7.5 31.2 3.4 | 


As to ihe connection between leaf size and transpiration, we find that in 
the present material the highest transpiration rates are attained by the most 
large-leaved samples (46 A, 48, and 49), where the standard product lies 
around 7. (It should be born in mind that the transpiration rates discussed 
here are always referred to fresh-weight at water saturation.) Significantly 
lower values, both of E, and E,, are found in the small-leaved samples from 
comparatively dry localities (e.g., exp. 18 C and 46 D). 


4. Comparison between the three Vaccinia 


From a study of ithe morphology of the three species of Vaccinium in- 
vestigated, and from their distribution in nature, one gets the immediate 
impression that they have different requirements with regard to the water 
factor. Vaccinium vitis-idaea would seem to represent a distinctly xerophytic 
type, while V. uliginosum shows hygrophytic characters, and V. myrtillus 
occupies an intermediate position. One would expect this difference to be 
connected with different transpiring properties. The main purpose of the 
present investigation was to develop a method of quantitative characteriza- 
tion of such differences. A study of the transpiration of the three Vaccinia 
ought then to serve as a good test of the value of such a method. 

A survey of the data obtained shows that the method employed has 
rendered good service in the present case, in so far as very pronounced dif- 
ferences have been revealed. For the sake of conveniance the average values 
of E,, E., and ß are listed in tabie 7.1 


- 


i When the average values for V. myrtillus in tab. 7 are compared with those reported 
previously (6) a certain discrepancy will be noted. This is due to a calculation error in the 
reduction procedure which had been overlooked in the original publication. The resulting 
deviations are too small to be of any consequence, but the data have, of course, been 
corrected for comparison with other species. 
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Table 7. Vaccinium. Average values of transpiration parameters. 


Species | Es Ee | (Es * Ec) | qo | 8 (Es © Ec) / 8 ) 
V. vitis-idaea . . 2.02 + 0.12 |0.140 + 0 008, 0.30 | 1.2 | 6.97 + 0.45 0.043 
V. myrtillus 3.49 + 0.14 |0.486 + 0 033) 1.82 14.4 5.12 + 0.39 0.36 
V. uliginosum.. 4 4.24 + 0.18 [1.218 + 0.056 5.34 29.6 | 3.07 + 0.20 1.74 


It is seen from this table that xerophytism in Vaccinium vitis-idaea is 
connected with: 


a) a comparatively low transpiration rate in plants with well open stomata, 

b) a very rapid closing reaction as a response to water loss, and 

c) a great percentage reduction of the transpiration rate by closing of the 
stomata, resulting in 

d) an extremely low transpiration rate when the stomata are completely 
shut. 


The comparatively hygrophytic V. uliginosum shows the opposite charac- 
ters in all these respects, while V. myrtillus stands in the middle. The quo- 
tient q., which in the blueberry experiments was shown to be practically 
valueless as a means of distinction between ecologically different samples (6), 
obviously renders better service in the present case. 

It would be of interest to compare the transpiration rates observed here 
with data reported in previous literature. However, in most papers the experi- 
mental conditions are not described in such a way that the atmospheric 
saturation deficit can be calculated. Moreover, the condition of the plant 
material at the time of measurement is often not stated with the necessary 
precision (water deficit of leaves, degree of stomatal opening, etc.). In some 
cases only relative figures are given, and, besides, a different reference unit 


Table 8. Reference to previous measurements of transpiration in some of the 
species discussed. 


| Paper referred to | 


Species investigated ae ee 


(1) (2) (3) (5) (8) (9) 

Calluna vulgaris ............ I x | = X X — 

Empetrum nigrum ...... … — x | aa x x = 
Pinguicula vulgaris ......... — = = = at se | 
Rubus chamaemorus _...... — = 2; = = x 

SQUCENEeLDacen nennen Ne = | i | — = = 

Vaccinium myrtillus ...... — | -- | 54 — | x == 
» uliginosum ...... ARR CET NE i na X X Dar 

» vitis-idaea ...... | — | — = | — | x x 
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may have been employed (e.g., dry-weight of picked-off leaves). For these 
reasons I shall not enter upon a detailed evaluation of previous data. A few 
references to measurements concerning some of the species dealt with in the 
present paper are put together in table 8. 


3. Experiments with other species 


In the experiments with Vaccinium myrtillus, V. uliginosum, and V. vitis- 
idaea a comparatively great number of individual curves was registered, in 
order to obtain fairly reliable mean values as a base for comparison. The 
experiments to be dealt with below comprise a much smaller number of 
individual samples of each species. The primary purpose of this series of 
experiments was to see if the method used in the Vaccinium series could be 
successfully applied to other species of morphologically and ecologically 
different types, and, besides, to obtain some preliminary information about 
the range of variability of the calculated transpiration parameters in general. 
Since the samples investigated are too few to give a representative picture 
of the species in question, the calculation of mean values might be mis- 
leading. The species will be treated in alphabetical order. 


Alchemilla alpina 
(Exp. No. 15 B, 18 B, and 44 a.) 


The plants sampled for the first of these three experiments were growing 
in company witi A. glomerulans in the moist depression where also the 
Vaccinium uliginosum plants of exp. 15 D were found (see above, p. 113). 
The material for the next experiment (18 B) was, in contrast, taken from an 
apparently dry hill-side where tufts of A. alpina were growing between cow- 
tracks together with Vaccinium myrtillus, Empetrum, Phyllodoce coerulea, 
and Antennaria dioica. Nardus stricta, Deschampsia flexuosa, Polygonum 
viviparum, and Gnaphalium supinum were also found in this place, but more 
scarce, and locally Salix herbacea was fringing the depressed tracks. 

Exp. No. 44 was planned to study the effect of different light conditions 
during the period of pretreatment, and only plants treated in the normal 
way are included here (44 a). 

The results of the experiments are given in table 9. A comparison of the 
values obtained indicates that significant differences may exist between the 
three numbers. Apparently, the plants of exp. 15 B have the lowest maximum 
transpiration and the most effective mechanism of transpiration restriction. 
This may seem a little surprising when the general character of the localities 
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Table 9. Alchemilla alpina. Calculated transpiration parameters. 


Exp. No.| Sample No. Es Ee Es - Ee qo 8 
211 5.7 0.41 2.3 7.1 8.1 | 
15 B 215 5.3 0.50 3:8 9.5 8.6 | 
219 5.1 0.39 2.0 | 7.6 73 
255 4.3 0.75 3.2 17.6 3.7 | 
259 6.5 1.00 6.6 353 51 
1073 263 6.4 0.76 4.8 12.0 4,7 
267 5.2 0.36 1.9 7.0 4.5 
571 4.5 0.45 2.0 10.0 4.5 
Ar 573 3.4 0.81 2.7 23.9 3.7 
= 575 2.9 0.66 1.9 | 29.7 4.5 
577 31 0.41 1.3 13.1 4.4 


are taken into consideration. However, even if such a result were substan- 
tiated in control experiments, it should be interpreted with great caution, 
since a supercilious inspection of a locality may easily lead to false estimates 
of the factors which influence water intake and water loss. Microclima and 
soil conditions of the habitat would have to be thoroughly investigated if 
definite relations were to be established. This lay outside the present investiga- 
tion program, for my purpose was mainly to decide whether plants from 
different localities may have different transpiring properties, and to find out 
how such differences could be most precisely characterized in a quantitative 
way. We shall, however, return to the figures mentioned above later on 
(p. 128) and venture a possible explanation. 


Alchemilla glabra 
(Exp. No. 19 C.) 


The leaves for this experiment were taken from plants growing beneath 
a juniper shrub in a locality with ample soil moisture. Of other species from 
this place Nardus stricta, Agrostis stolonifera, Carex nigra, and Juncus fili- 
formis may be mentioned. 

As table 10 shows, the transpiration rate is comparatively high in all the 


Table 10. Alchemilla glabra. Calculated transpiration parameters. 


Exp. No. Sample No. | Es | Ec | Es Ee | do B | 
272 | 6.1 | 1.2 | 1.5 19 1.9 | 
19 C 276 | 6.0 0.8 4.6 13 9.1 
| 280 3.6 | 0.8 3.0 | 23 94 
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three samples, even when the stomata are closed. The deviating value of E, 
noted in sample No. 280 may perhaps be explained by incompletely open 
stomata at the start of the experiment. 


Alchemilla glomerulans 
(Exp. No. 15 C.) 


A single experiment was also made with a second species of the Alchemilla 
vulgaris group, viz., A. glomerulans. The plants used were growing in com- 
pany with A. alpina (15 B) and Vaccinium uliginosum (15 D) in the locality 
described above (p. 113). The standard rates calculated for the cuticular 
phase (see table 11, E.) are in this case about two times as great as in 
A. glabra, indicating a still more hygromorphic structure. Whether this dif- 
ference is typical of the two species can, of course, not be decided from such 
a small number of experiments. But if so, it would be in good agreement 
with their occurrence in nature. Both seem to be dependent on a high level 
of soil moisture, and A. glomerulans more so than A. glabra. 

At any rate, the figures show that it ought to be possible, in more extensive 
investigations by this method, to establish significant differences in the 
transpiring properties of different species, even within such a systematically 
and morphologically homogeneous group as Alchemilla vulgaris agg. 


Table 11. Alchemilla glomerulans. Calculated transpiration parameters. 


Exp. No!| Sample No. | Es | Ee Es : Ec | qo 8 
212 | 57 | 1.5 8.6 | 27 12.1 
15 C 216 6.0 2.2 13.1 36 95 
220 6.5 | 21 13.5 | 33 Ue 


Antennaria dioica 
(Exp. No. 17 B and 20 A.) 


The plant material for both these experiments was taken from dry locali- 
ties. The leaves were whitish with hairs on both sides and must probably 
be referred to var. hyperborea. The usual exponential function employed to 
describe the course of the transpiration decline curve during the closing 
phase did not fit too well in the present case, and the calculation of ß is for 
this reason omitted. Whether the deviations may somehow be connected with 
the hairiness of the leaves, I am not able to say. Probably the time course of 
the transpiration restriction caused by stomatal closure may not be identical 
in glabrous and hairy leaves. 


° 
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Table 12. Antennaria dioica. Calculated transpiration parameters. 


Exp. No. Sample No. Es Ec Es * Ec qo | 
Bap. Ne: "| Sample No. | . + allen ee eee 
239 Ai, Se 15 76 | 
243 12-00 2.9 ie om 
1 D ER 247 dic neo 1.2 81 | 
252 bo. 8 Opn 2.7 10.2 

253 6.1 0.39 24 6.5 
281 6.9 0.44 3.0 G4: 
Sor aA oe Tt | 285 6.4 0.76 4.9 9 #0 
| 289 7.6 OMR 4.7 CIS 


In this species, the transpiration rate may attain the same high level as 
in Alchemilla when the stomata are open (table 12), but the decrease during 
closing is more marked. 


Calluna vulgaris 
(Exp. No. 16 A, 16 E, and 20 C.) 


Calluna twigs were sampled in what might be termed ordinary heather 
localities, where Calluna forms more or less extended patches in the juniper 
heaths. In the first experiment (16 A), which was started at 9 o’clock in the 
morning, a very rapid transpiration decline occurred during the first minutes 
of the observation period. This might indicate an incomplete opening of 
stomata, and a second experiment (16 E) was therefore started three hours 
later with samples of the same material. 

The figures obtained (table 13) show that the heather may, under favour- 
able circumstances, transpire very vigorously. Even the values calculated for 
plants with closed stomata are fairly high. However, these values are only 
representative of plants with a relatively slight water deficit. When the trans- 


Table 13. Calluna vulgaris. Calculated transpiration parameters. 


Exp. No.| Sample No. Es Ec Bice: qo 8 | 
a 5.6 0.45 | 2.5 8.2 5.2 
US ge SET TORRES Horus OB 2,5 10.0 4.9 
| 230 | 30 | 2088 2.0 9.4 5.2 
a oa 5.9 | 0.41 2.4 6.9 7.8 
age 235 | 10.4 0.65 6.7 Re 9.4 
‘ ase: | 6.1 0.69 4.2 tell 6.1 
| 237 5.5 0.50 | 2.7 90 | 10.1 
| 283 5.8 ie, PRE 2.0 59 | 3% 
| 20 C 287 5.7 0.50 2.9 8.8 2.9 
| | 9291 5.0 0.49 | 2.4 9.8 3.7 
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piration decline is followed during a prolonged period after the apparent 
closing of stomata, an abrupt reduction of the transpiration rate takes place 
in most cases, as is evident from a sudden break in the curves (7). 


Empetrum hermaphroditum 
(Exp. No. 12 C, 14 C, and 22 D.) 


Empetrum was sampled from localities where it was found in company 
with Vaccinium myrtillus (Exp. No. 12 A, 14 A, and 22 A, cp. Hygen 1951), 
and V. vitis-idaea (Exp. No. 12 B, 14 B, and 22 B, see above). In all experi- 
ments with this species a close fitting of the curves was achieved. In table 14, 
which shows the resulting figures, two points of interest may be noted. 
Firstly, the consistently small values of E, and E, indicate an extremely low 
level of transpiration in this species, in marked contrast to Calluna (cp. 
Firbas, 5). Secondly, there seems to be a distinct difference in E, between 
the plants of exp. 14 C and the rest. This tallies well with the blueberry experi- 
ments, where the plants of exp. 14 showed also a higher cuticular transpira- 
tion than material from the dryer localities. 


Table 14. Empetrum hermaphroditum. Calculated transpiration parameiers. 


IExp. No.| Sample No. Es Ec Es Ec qo ß | 
n | 

183 27 0.14 0.37 5.3 4.9 | 

pale C | 186 17 0.09 0.10 8.2 2.4 

| 189 1.6 0.07 0.11 4.7 3.9 

| 199 07 0.13 0.22 7.4 2.4 

MAC 203 1.5 0.39 0.59 26.6 200 

207 1.8 0.18 so 9.5 2.9 | 

| 308 1.5 0.07 0.11 | 4.6 3.9 

i 22 D | 312 2.1 0.12 0.25 | Rt Fa 3.7 

{ 316 1.6 0.07 0.10 | 4.2 3.8 


Maianthemum bifolium 
(Exp. No. 14D and 20B.) 


The material for exp. 14 D was taken from the same locality as in the 
other sets of exp. 14. Another place with similar vegetation was chosen for 
the second experiment (Juniperus, Calluna, Empetrum, Vaccinium myrtillus 
and V. vitis-idaea, Thelypteris dryopteris, Trientalis europaea, Linnaea 
borealis). The course of the transpiration decline curves seem to indicate 
that the stomata may not have been fully open in exp. 14 D. 

The results given in table 15 indicate about the same order of magnitude 
of transpiration in this species as previously reported for Vaccinium myr- 
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Table 15. Maianthemum bifolium. Calculated transpiration parameters. 


rt 
———— EET re 


Exp. No.| Sample No. Es Ec Es : Ec qo B 
200 3.1 0.27 0.85 8.6 11.9 
204 3.5 0.32 1.12 9.0 11.1 
D 208 1.8 0.35 0.62 19.2 9.8 
209 3.2 0.36 1.16 11.3 14.8 
282 4.2 0.43 1.83 10.2 3.7 
20 B 286 3.9 0.58 2.28 14.7 3.7 
290 4.5 0.35 1.59 7.1 4.9 


tillus. The values of ß show that stomatal closing has proceded much more 
slowly in the second experiment. 


Pinguicula vulgaris 
(Exp. No. 17 D, 21 C, and 21 D.) 


The transpiration decline curves registered in the three experiments with 
Pinguicula cannot be described in the usual manner, since it is impossible 
in this case to distinguish clearly between a stomatal phase, a closing phase, 
and a cuticular phase. The total water loss during the experiment may be 
extremely heavy, up to 60—80 per cent of the initial fresh-weight evaporating 
in the course of 5 hours. The logarithmic curves follow a rectilinear course 
for some time after the experiment has been started, and then bend off very 
slightly and gradually. Thus, if the stomata close, as they probably do, this 
evidently cannot reduce transpiration to any considerable degree. 

In this connection the results obtained by Firbas (5) in Drosera rotundi- 
folia should be mentioned. From transpiration measurements under varying 
conditions in the field he concluded that Drosera transpired much more 
vigorously than any of the other species investigated by him. Probably, 
therefore, Drosera may also be incapable of effectively reducing the trans- 
piration loss when a water deficiency is under development. 

In Pinguicula, the caiculation of E, and 6 must be abandoned, while E, 
can be estimated in the usual way (tab. 16). | 


O 


Table 16. Pinguicula vulgaris. Calculated values of E,. 


Exp. No. 17 D Exp. No. 21 C Exp. No. 21 D 
Sample No. | Es Sample No. Es Sample No. Es 
: | 
il, © 4.5 294 4.2 296 3.7 
245 4.5 298 5.4 300 4.0 
| 249 4.9 302 4.8 304 2.8 | 


STUDIES IN PLANT TRANSPIRATION. II 125 


Potentilla palustris 
(Exp. No. 16 B and 19 BB.) 


In the district investigated this species occurs preferably in tufted bogs 
where it grows on the hillocks in company with Juniperus, Betula nana, 
Vaccinium myrtillus and V. uliginosum, Empetrum, Rubus chamaemorus, 
Andromeda polifolia, Oxycoccus microcarpus, Parnassia palustris, and 
others. The two localities chosen for the experiments were both of this type. 

The values of E, and E, given in table 17 show a very high transpiration 
of the same order of magnitude as in Alchemilla glomerulans. The cuticular 
transpiration is particularly high, as might be expected from the structure 
of the supple and easily wilting leaves. 


Table 17. Potentilla palustris. Calculated transpiration parameters. 


Exp. No.| Sample No. Es Ke Es : Ee go ß 
223 7.3 11 8.3 16 13.2 
16 B 227 6.2 1.5 9.2 24 8.9 
231 6.3 2.5 15.6 39 6.9 
271 8.5 2.4 20.5 28 9.6 
RSF} 275 7.5 1.7 13.1 23 | 7.0 
279 7.3 1.5 10.7 20 | 8.4 


Rubus chamaemorus 
(Exp. No. 16 C and 19 A.) 


The plants of exp. 16 C were found beside Potentilla palustris (16 B, see 
above), while the intensely anthocyan-coloured leaves for the second experi- 
ment (19 A) were taken from a more typical cloudberry bog where small 
individuals of Salix and Betula nana formed a scanty shrubbery on the 
hillocks. Juniper was not found in this place, but otherwise the species 
enumerated in the section on Potentilla palustris occurred here also. 


Table 18. Rubus chamaemorus. Calculated transpiration parameters. 


Exp. No.| Sample No. Es Ee Es + Ec do ß 
224 5.0 1.1 5.3 21 7.0 
16 C 228 5.2 0.8 4.2 15 7.9 
232 43 _ 0.6 2.4 13 10.2 
270 4.2 1.6 6.9 38 3.4 
| 19 A 274 4.2 2.2 9.1 52 3.5 
| 278 4.7 2.2 10.6 47 4.2 
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Evidently, the transpiration rate is somewhat lower in this species than 
in P. palustris (cp. tables 17 and 18). There seems to be a considerable dif- 
ference in cuticular transpiration between the two sets of samples of cloud- 
berry, probably connected with the more ample soil moisture of the second 
locality (19 A). 


Salix herbacea 
(Exp. No. 16 D, 18 D, and 50 A.) 


This species is characteristic of places with an enduring snow cover. It is 
more abundant higher up in the mountains than at 900 m altitude where 
samples for the present experiments were taken, but it occurs here and there 
in sheltered depressions at this level also. Some of the plant material for 
exp. 16 D was infected with rust (Melampsora epithaea), and this may poss- 
ibly be the cause of the high cuticular transpiration and rapid wilting of one 
of the plants (No. 233, see table 19). 

The cuticular transpiration is comparatively high in all the samples, how- 
ever, and under natural conditions wilting is therefore bound to occur when- 
ever the root system fails to maintain an ample water supply. 


Table 19. Salix herbacea. Calculated transpiration parameters. 


Exp. No.| Sample No. | Es | Ee Es - Ec go B | 
| | 
225 3.4 0.8 2.6 22 ssh 
16 D 229 5.8 0.8 44 13 | 4.5 
233 3.8 15 5.6 38 TE 
| 
257 3.5 1.0 3.5 28 | 2.4 
Ose 261 3.7 1.5 5.7 41 | 1.4 
265 3.6 1.5 5.5 41 14 
269 3.7 1.0 3.8 27 3.6 
639 41 0.6 2.6 16 | PEAU 
50 A 640 | 4.2 0.7 3.1 18 59. 
641 | 4.2 0.7 2.8 15 | 5.4 


Saussurea alpina 
(Exp. No. 51.) 


Rosette leaves of Saussurea were found here and there among juniper and 
willow shrubbery where the ground was not too dry. The transpiration 
decline curves in this species follow the theoretically predicted course very 
closely and can be fitted with exceptionally great accuracy by the calculated 
formulae. Because of this fact, and of the good mutual agreement between 
the individual specimen (table 20), Saussurea might render good service in 
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Table 20. Saussurea alpina. Calculated transpiration parameters. 


Exp. No.| Sample No. Es Ec Es-Ec | qo 8 | 
mm 
645 3.7 0.78 2.9 21 9.4 | 
646 3.8 0.57 22 15 ' 7.5 | 
51 647 3.7 0.89 3.3 24 5.0 
ko | 648 3.9 0.36 1.4 9 10.9 
649 3.5 0.76 27 22 6.7 
| 650 | 3.8 0.61 2.4 16 8.1 


further work, e.g. on the influence of different temperatures, humidities, 
etc. For such purposes, a comparatively high level of cuticular transpiration 
is of advantage, since the slope of the corresponding portion of the log- 
arithmic curve can then be accurately determined. In species with a very 
low cuticular transpiration chance errors may mask the differences to be 
established. 


Saxifraga aizoides 
(Exp. No. 17 A, 21 A—B, and 50 B.) 


Saxifraga aizoides grows in the mountains of Central Norway along rivulets 
and on wet, stony ground in calciferous areas. It is not common in the out- 
skirts of the Rondane district, but locally abundant. The samples were taken 
from luxurious tufts in typical localities. Since no attempt was made at an 
ecological characterization of the different finding-places they need not be 
described separately. Perhaps it ought to be mentioned, however, that the two 
tufts taken for experiment No. 21 were growing only a few yards apart, and 
that the soil moisture appeared somewhat more ample in the second place 
(B) than in the first (A). 


Table 21. Saxifraga aizoides. Calculated transpiration parameters. 


Exp. No.| Sample No. Es Ee Es - Ec go B 
238 2.3 0.42 1.0 18.3 1.6 
17 A 242 2.7 | 0.47 1.3 17.4 Ry 
246 3.4 | 0.42 1.4 12.4 2.3 
293 2.6 0.31 0.8 120 "at 2.7 
21 A 297 1.9 0.12 0.2 6.1 2.6 
301 3.8 0.46 17 12.1 21 
295 1.8 0.60 ri 33.6 1.3 
21 B 299 1.6 0.28 0.4 17.8 1.5 
303 2.4 0.83 2.0 33.8 1.8 
642 2.7 0.23 0.6 8.4 2.7 
50 B 643 1.8 0.23 0.4 12.8 7.0 
644 1.9 0.30 0.6 15.7 6.3 
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In table 21 we note the low values of E;, which obviously are connected 
with the small surface area of the leaves (relative to volume and fresh- 
weight). The most characteristic feature of the transpiration decline curves 
in this species, however, is the very slow bending, corresponding to low 
values of ß (i.e., slow closing movement of stomata). Thus, in spite of the 
low level of total transpiration, a comparatively heavy water deficit may 
have time to develop before stomatal closure is eventually completed (up to 
25 per cent in some cases). 


Sibbaldia procumbens 
(Exp. No. 15 A and 18 A.) 


This species is often found together with Alchemilla alpina, but on the 
whole it seems to prefer a slightly higher level of soil moisture. The two 
localities from which the present samples were taken, have already been 
described (see Alchemilla alpina, exp. No. 15 B and 18B, p. 119). At the 
time of the experiment the soil moisture was no doubt more ample in the 
first locality (exp. 15). When the figures of table 22 are surveyed, however, 
the plants of exp. No. 18 are seen to have transpired much more rapidly 
than those of exp. No. 15. 

This is particularly striking in the cuticular component (E,). A pronounced 
difference in the same direction was observed also in the analogous experi- 
ments with Alchemilla alpina (table 9, p. 120). An explanation of this 
apparent discrepancy may be sought in the fact that it is the conditions 
during early stages of growth and development which have the most pro- 
nounced influence on the anatomical and morphological structure of a leaf. 
The habitat of the plants sampled for exp. 18 lies on the eastern side of a hill 
where a heavy snow-wreath usually accumulates in winter, owing to the 
predominating northwestern winds. Clearly, therefore, the melting snow must 
have provided ample soil moisture in early spring-time, and this moisture 
may have been partly retained in the soil during the first part of the growing 


Table 22. Sibbaldia procumbens. Calculated transpiration parameters. 


Exp. No.| Sample No. Es Ec Es - Ec qo 8 
210 4,7 0.42 2.0 8.8 10.4 
15 A 214 5.4 0.60 3.3 11.0 11.4 
218 4.2 0.55 2.3 13.1 4.7 
254 4.4 0.91 4.0 20.8 4.4 
18 A 258 4.2 1.41 5.9 33.6 2.2 
| 262 6.0 LR 6.6 18.5 13.4 
266 6.9 1.49 10.2 21.6 5.3 
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season. This explanation is corroborated by the fact that Salix herbacea and 
Nardus stricta occur in the same locality. 


Viola palustris 
(Exp. No. 17 C and 19 D.) 


Nothing much need to be said of the results of the two experiments with 
Viola palustris, the last species to be dealt with in the present paper. The 
figures show a fairly high level of transpiration, as might be expected from 
the thin and supple leaves (see table 23). 

The material for exp. 17 C was found at the side of a small rivulet, whereas 
the last sample (19 D) was taken from a boggy locality. 


Table 23. Viola palustris. Calculated transpiration parameters. 


Exp. No.| Sample No. Es Ee Es - Ec qo 8 
| 240 4.9 0.81 4.0 16.5 14.3 
244 4.4 0.43 1.9 9.8 8.5 
MIC 248 4.3 0.49 2,1 11.4 12.2 
250 3.1 0.51 1.6 16.2 10.1 
251 5.1 0.56 2.9 11.0 9.0 
273 5.2 0.91 4.8 17.3 4 
'19 D 277 7.0 0.68 4.7 9.8 9.6 
281 5.4 0.83 4.5 15.2 6.3 


6. Conclusions 


The first point which emerge from a survey of the data presented above, 
is the comparatively good agreement between individual samples from the 
same locality. Some variation is bound to occur, of course, since no two 
plants are ever completely identical. Even within a well limited and appar- 
ently homogeneous locality both edaphic and microclimatic factors may vary 
quite considerably and give rise to anatomical, morphological, or physio- 
logical differences during growth and development. The age of the leaves 
and their situation on the shoot is an additional cause of variability. When 
transpiration values obtained in many-leaved shoots or shoot fragments are 
referred to total fresh-weight, as in this paper, differences in thickness and 
structure of the stem become involved also. 

The experimental procedure employed in the present investigation aimed 
at eliminating as far as possible the external sources of variation and inducing 
an approximate physiological homogeneity, in order to let the structural 
factors appear more clearly. The values obtained show, in my opinion, that, 
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on the whole, the mutual agreement between parallel samples may be con- 
sidered satisfactory, and that the method has so far served the purpose. 

The tables show, further, that significant differences can be demonstrated 
to exist between different species, and even between different samples of the 
same species. The diversity of the transpiring properties manifest itself in 
the magnitude of the maximum transpiration rate attained in plants with 
open stomata, in the time factors of stomatal closure, especially in the reaction 
velocity of the closing movement, and, finally, in the magnitude of the cuti- 
cular transpiration which remains when the stomata are closed. 

These characters are more or less obviously correlated. In most cases, a 
high level of transpiration in both stages is connected with slow closing, and 
vice versa, as in the three species of Vaccinium investigated (se table 7, 
p. 118), but this rule does not hold good always. 

The differences observed in the transpiring properties of the investigated 
plants seem to be fairly closely correlated to differences in morphological 
structure and leaf anatomy. Such differences may again depend upon here- 
ditary constitution, or they may be induced by the influence of external 
factors during growth and development. Factors directly related to the con- 
ditions of water balance seem to be particularly effective in this respect, but 
other conditions must be taken into consideration also (e.g., exposition and 
shading). 

From transpiration measurements performed under natural conditions 
Stocker (9) arrived at the conclusion that transpiration of morphologically 
different types overlap to such an extent that it has no sense to distinguish 
between xeromorphic, mesomorphic, and hygromorphic leaf structure. How- 
ever, the fact that the actual transpiration of any two species may occasio- 
nally overlap in nature, does not tell us anything at all about their relative 
transpiring properties, no more than the actual speed of any two automobiles 
encountered in the street tell how fast they are able to move when the full 
powers of their engines are released. The situation of natural habitats with 
respect to the water balance of plants is so extremely complex that the 
relation between transpiration rate and leaf structure may be completely 
masked by other factors. In order to obtain reliable information about this 
relation, the experimental conditions must be simplified to such an extent 
that the influence of these other factors becomes negligible. Only in this way 
can the significance of morphological characters be expected to appear 
clearly. In many cases the overlapping tendency may then disappear and 
distinct differences be revealed (cp. table 7). 

The maximum transpiration rate attained under standard conditions in 
plants with well open stomata vary within comparatively narrow limits. The 
great majority of the calculated values lie between 2 and 6 mg/g/min. A much 
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greater range of variability is found in the cuticular transpiration of plants 
with closed stomata, extending from ca. 0.10—0.15 mg/g/min. to above 1.5 
mg/g/min. 

Stomatal closing may, therefore, be a very effective means of reducing 
transpiration. In some species (e.g., Antennaria dioica, Calluna vulgaris, Em- 
petrum hermaphroditum, Vaccinium vitis-idaea) closing of stomata may 
reduce transpiration to 5—10 per cent of the original value. In mesophytic 
species (Alchemilla alpina, A. glabra, Maianthemum bifolium, Saussurea 
alpina) the corresponding figures lie in general between 10 per cent and 20 
per cent. In contrast, most plants growing in places with a constantly high 
level of soil moisture have much lesser possibilities of restricting the trans- 
piration loss. Of the species investigated here Pinguicula vulgaris represents 
an extreme type in this respect, but even in plants with a more ordinary 
leaf anatomy, the cuticular transpiration may amount to 25—40 per cent of 
the total (Alchemilla glomerulans, Potentilla palustris, Rubus chamaemorus, 
Vaccinium uliginosum). 

It follows from the principles of the method employed that the percentage 
figures given here are hypothetical, in so far as they estimate the transpira- 
tion restriction which would occur if the stomata of water-saturated leaves 
were momentaneously and completely closed. Actually, this never happens, 
of course. In the first place, the stomata usually do not begin to close until 
a certain water deficit has arisen, and moreover, a continued water loss takes 
place during the closing process. This reduction of the water content of the 
leaves will, per se, tend to retard transpiration, independent of any change 
of stomatal aperture. Both in the experiments and in nature, therefore, the 
effect of the increasing water deficit comes in addition to the effect of the 
closing reaction proper. Consequently, the real percentage reduction of trans- 
piration which is caused by stomatal closure must always be greater than 
indicated by the values of q, as calculated here. The magnitude of the 
deviation must depend upon the amount of water lost during the closing 
reaction. For the purpose of comparison the hypothetical figures have the 
advantage of being more directly related to inherent properties of the plants. 

The closing velocity of stomata, as measured by the magnitude of the 
restriction coefficient ß, varies to a somewhat lesser extent than the para- 
meters discussed above, but marked differences can be found here also (cp. 
e.g. table 7, p. 118). The blueberry experiments showed that the velocity of the 
closing reaction is probably related to the atmospheric vapour pressure deficit 
(Hygen 1951, Figure 22). This relation cannot be quantitatively formulated 
at present, however. The values of ß listed in the preceding tables have been 
obtained under somewhat varying atmospheric conditions, and they are, for 
this reason, not strictiy comparable. 
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When the average »standard rates» characteristic of a certain species are 
known, it is possible by means of the given formulae to estimate the trans- 
piration which is likely to occur under any known set of conditions (tem- 
perature, humidity, water deficit, effective stomatal aperture) in still air. 
The effect of wind will be dealt with in a later paper. Such estimates may, 
however, lead astray when the formulae are applied to conditions far out- 
side the experimentally investigated range. In particular, we do not know if 
the assumed proportional relationship between transpiration rate and satura- 
tion deficit is valid when transpiration is more intense than in the present 
series of experiments. Other factors may then complicate the situation (rela- 
tive effectivity of the water conducting system, shrinking, surface desicca- 
tion, etc.). It has been shown previously that in Vaccinium myrtillus a more 
complex relation seems to exist (6), and further data as yet unpublished 
indicate that the situation may be different in different species. When stages 
of intense transpiration are considered, therefore, the values which can be 
derived from the calculated standard rates should be regarded as estimates 
of the theoretical upper limit which the transpiration rate might possibly 
attain in the given material under the conditions in question. The actual 
maximum rate may be somewhat lower. 

The transpiration rate which obtains under any given set of conditions 
may be taken as an approximate measure of the intensity of gas exchange 
between the intercelluar system and the atmosphere, even if other factors 
are also involved (e.g., the CO, gradient). Therefore, the maximum trans- 
piration rate (E,) ought to be related to maximum productivity. Since it is 
technically very much easier to measure transpiration than photosynthesis, 
this way of obtaining an indirect estimate of the maximum productivity of 
a certain species might perhaps be useful in some cases. This question lies 
outside the scope of this paper, however. So far, we are concerned only with 
a study of the transpiration process itself, and of the quantitative significance 
of climatic and structural factors involved in ecological adaptation. In my 
opinion, the value of the special modification of the torsion balance method 
employed in the present investigation would seem to be well established as 
a means of advance in this field. Further data with bearing upon certain 
aspects of the implied relations will be presented in later papers. 


Summary 


In a previous paper (6) a torsion balance method for transpiration measure- 
ments in excised leaves or shoots has been described, and values obtained in 
experiments with Vaccinium myrtillus cited. In the present paper the results 
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of further measurements by the same method are reported. Two more species 
of Vaccinium have been fairly well investigated, viz., V. uliginosum and 
V. vitis-idaea. Besides, less extensive series of experiments have been made 
with samples of the following species: Alchemilla alpina, A. glabra, A. glo- 
merulans, Antennaria dioica, Calluna vulgaris, Empetrum hermaphroditum, 
Maianthemum bifolium, Pinguicula vulgaris, Potentilla palustris, Rubus 
chamaemorus, Salix herbacea, Saussurea alpina, Saxifraga aizoides, Sibbaldia 
procumbens, and Viola palustris. 

In many cases samples of the same species were taken from several eco- 
logically distinct localities. The course of the transpiration decline curves 
obtained in these experiments is described elsewhere (7). In the present paper 
the transpiration values calculated from the curves are reported and their 
significance discussed. 
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For many years lignins have received a great deal of attention and, although 
they remain ill-defined, a considerable body of knowledge has been built up 
concerning their structure. Degradation studies have revealed the presence 
in lignins of various phenolic compounds; general chemical distinctions have 
been established between lignins of deciduous and coniferous plants (Johan- 
sen 1940, and Gortner 1949). 

Investigations indicate that hydroxy- and methoxy-substituted derivatives 
of phenylpropane are among the probable precursors of lignin (Norman 1937, 
Karrer 1950). Freudenburg (1939) suggested that isoeugenol may serve as a 
lignin precursor. Dehydrodiisoeugenol, a possible intermediate oxidation 
product, has been prepared in vitro under mildly oxidizing conditions and 
in vivo by dehydrogenation of isoeugenol. 

In spite of extensive research on the structure and possible precursors of 
lignins, the biochemistry of their formation has remained obscure. Recently, 
the author observed that certain phenols were oxidized to lignin-like materials 
in excised embryonic axes from seeds of the Red Kidney bean (Phaseolus 
vulgaris). The present paper suggests a possible mechanism for the biosyn- 
thesis of lignin-like substances. 


Conversion of Phenols into Lignins 


Lignin formation (i.e., formation of lignin-like material) was originally 
observed when the axes (intact or in sections) were incubated at 24—26° C. 
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for 15 hours in the presence of thymol (5 X10— to 5 X 10-8 M), H,O, (5x 10% 
to 5X 10° M), and phosphate buffer, pH 4.5 (0.05 M). Lignin was detected 
using a saturated (1 per cent) aqueous solution of phloroglucinol in 20 per 
cent HCl as the color reagent (modified from Johansen 1940). A red-violet 
coloration, indicating the presence of lignin, developed rapidly in fibro- 
vascular tissue of the bean embryo. The reagent yielded characteristic lignin 
color tests when applied to a variety of herbaceous and woody tissues thus 
ensuring its reliability. Embryo tissue incubated in the absence either of 
thymol of H,0, failed to produce lignin-like material within the 15 hour 
incubation period. After 40—50 hours of incubation, tissues supplied with 
thymol alone yielded a slight positive test for lignin, tissues incubated with 
10—? M H,O, alone gave doubtful lignin reactions. 

To examine the postulated role of phenylpropanes in lignin synthesis, a 
number of phenols were tested as possible substrates (Table 1). Both phenyl- 
propane derivatives were suitable precursors but the di- and polyphenols 
were not transformed into lignin-like material. Orcinol, a methylresorcinol, 
may have produced traces of lignin. The black pigmentation produced from 
pyrocatechol (o-dihydroxybenzene) obscured the color test for lignin. 

Under the experimental conditions non-enzymatic oxidation of all phenols 
tested with the exceptions of pyrogallol and pyrocatechol was negligible as 
evidenced by the presence of little or no coloration in the incubation medium. 
None of the phenols used produced lignin-like material when incubated with 
1 M to 2 M H,0, in the presence of iron salts although all of these compounds 
were oxidized to pigmented substances. 

Lignin was produced more rapidly from eugenol than from thymol. 
Embryo tissue incubated with eugenol (5X10—* M) plus 10” M H,0, 
produced lignin after a reaction time of 20 minutes, whereas approximately 
1 hour was required for the production of lignin from thymol in the presence 
of hydrogen peroxide. In the first 15—25 minutes of incubation with thymol 
plus H,O,, embryonic axes developed brown pigments which did not yield 
tests for lignin. eugenol produced a brownish pigmentation concurrently 
with lignin in a 20 minute reaction time. The production of lignin from 
eugenol was attempted using peroxidase-rich breis or cell-free extracts high 
in peroxidase activity. These efforts were entirely unsuccessful; however, it 
was found that thymol and eugenol at concentrations of 10-*—10-? M were 
markedly inhibitory to the enzyme in solution, whereas intact embryos and 
sections exhibited peroxidase activity in the presence of these phenols. 

Tests for lignin using the phloroglucinol reagent were confirmed by means 
of the Maule test (Johansen 1940). The lignin-like material produced either 
from thymol or eugenol in embryonic axes yielded a brown coloration in 
this test indicating the presence of lignins of the coniferous type. 
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Table 1. Suitability of various phenols as lignin precursors. 


oo 


| 
No. of Hydroxyl ; ae 9 

Phenol 1 Alkyl Substituents Lignin test | 

groups . | 

| 
Eugenol\... Re cates tances 1 Allyl, sagas x 

(Mente) Segpepoootarecocgoerencc sn: 1 Isopropy | 
ResSoncinoOlEr rer rare 2 none = 
OTCITOÏMP EEE ER 0e 2 Methyl ? 
Quinoli nr tetes 2 none == 
Phloroglucinol ee sees 3 » == 
Pyrogallol hr Pre 3 > = 


1 phenol concentration 2X10—% M, H20O2 concentration 10—3 M; incubated 12—15 hours 
at pH 4.5. 

2 positive reaction: red-violet color in 1—3 minutes after application of phloroglucinol- 
HCl reagent. 


Tissues incubated with thymol or eugenol plus H,O, were chlorinated by 
immersion in saturated, acidified calcium hypochlorite solution for 5 minutes 
then treated with sodium sulfite solution. A bright red coloration developed 
within a few minutes and gradually faded to a brownish hue in 34—45 
minutes. This reaction is regarded as a sensitive test for lignin (Gortner 
1949) and is the most reliable of the three color tests employed in the detec- 
tion of lignin (Personal communication, Norman 1952). 

Solubility tests carried out on lignins produced from thymol and eugenol 
showed them to be insoluble in water, weak acids and bases, ethanol, and 
non-polar solvents. Partial to complete delignification of embryo tissue was 
accomplished by prolonged treatment with boiling solutions of calcium 
bisulfite. 


Quantitative determination of lignin revealed that relatively large amounts were 
deposited in tissues. Axes were incubated at pH 4.5 for 3 hours in the eugenol- 
peroxide mixture (both 10-3 M), dried and the lignin isolated by removing other 
constituents with 72 per cent sulfuric acid. In accordance with suggested precautions 
(Norman 1937) tissues were extracted successively with boiling water, hot 75 per 
cent ethanol, hot 95 per cent ethanol, and an ethanol-petroleum ether mixture prior 
to acid treatment. Extractives were removed and the tissues were treated with 
72 per cent sulfuric acid at 2° C. for 12 hours. The acid was diluted to 3 per cent 
and the tissue hydrolyzed by boiling for one hour; the residue remaining after 


hydrolysis was washed free of acid by centrifugation, dried, and the weight of lignin 
determined. 


It is important to note that control tissue was available in the form of 
embryos not incubated with the phenols. Approximately 200 mg. of control 
tissue (dry weight) yielded less than 0.2 mg. of acid-insoluble material, but 
a comparable weight of tissue which had been supplied with the complete 
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reaction mixture yielded 5—-10 mg. of residue. Material isolated from control 
tissue failed to give lignin color tests, but the brown residue from axes 
supplied with eugenol and H,O, yielded red colors when tested with phloro- 
glucinol-HCI and chlorine-sulfite reagents. The brown residue was further 
characterized by its marked solubility in hot ethanol and acetone. 


The Possible Role of Peroxidase in Lignin Synthesis 


Peroxidase activity was determined by a modification of the method of Will- 
statter (Sumner and Somers 1947). The procedure entails direct colorimetric 
measurement of the purpurgallin produced in 3 minutes by tissue homogenates from 
pyrogallol (5X10—% M) in the presence of 5X10-* M H,O, and 0.05 M phosphate 
buffer, pH 4.5. Determinations were made using the Klett-Summerson photocolori- 
meter equipped with a No. 42 filter. Qualitative tests for the presence and distribution 
of peroxidase activity in tissues were carried out at pH 4.5 using pyrogallol at the 
above concentration plus 10% M H,0,. Controls included a reaction mixture lacking 
peroxide, a complete reaction mixture containing 10-3 cyanide and a complete 
reaction mixture with heat-inactivated tissue or tissue preparations. 


Production of lignin-like material was as much as one-hundred times more 
rapid in the presence of H,O, than with the phenols alone. Further experi- 
mentation demonstrated that KCN at a concentration of 10”? M inhibited 


‘completely the formation of lignin, as well as pigments not giving the lignin 


reaction. Cyanide at this concentration also effected a nearly complete inhibi- 
tion of peroxidase activity in embryonic axes. Fully-imbibed axes placed in 
a water bath at 100° C. for 30 minutes lost both their peroxidase activity 
and their ability to synthesize lignin in the presence of the phenol-peroxide 
mixture. , 
The distribution of peroxidase activity in embryonic axes followed both 
longitudinal and transverse gradients. The longitudinal distribution of per- 
oxidase activity has been determined quantitatively. These results will be 
dealt with elsewhere and for the purposes of the present work it is sufficient 
to state that on a weight basis, the embryonic hypocotyl possesses one-fifth 
the peroxidase activity manifested by either root or stem tip (plumule plus 
bud). Using eugenol as substrate, the intensity of »lignification» in tissues of 
the embryo varied along the longitudinal axes in the same manner as the 
peroxidase activity in being greater in apical and root tissues than in the 
hypocotyl. Transversely across the embryonic axis, peroxidase activity is 
most intense in the fibrovascular system and somewhat less intense in the 
epidermis; lignin synthesis was also most evident in the fibrovascular tissues. 
The cortex of Red Kidney bean axes is low in peroxidase activity and the 
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pith is almost devoid of the enzyme. Neither of the latter tissues developed 
lignin. 

Stem tissues of the sensitive plant (Mimosa pudica) possessed high per- 
oxidase activity, whereas the leaflets possessed little or none. Lignin was 
produced in stem tissue but not in leaf tissue incubated with eugenol (or 
thymol) plus H,O,. 

Finally, the distribution both of peroxidase activity and native lignin in 
the coleus stem was most intense in the vascular cylinder. 


Discussion 


Presumptive evidence has been presented in this paper for the production 
of lignins in vivo from phenols: (a) products yielded three characteristic 
color reactions for lignins, (b) the material produced was lignin-like in that 
it was a brownish substance soluble in boiling bisulfite but insoluble in 
72 per cent sulfuric acid, and (c) the lignin-like material is deposited mainly 
in the fibrovascular system. Evidence for the participation of peroxidase is 
less certain. It is clear, however, that an agency (or agencies) in the tissue, 
which was thermolabile, cyanide-sensitive, and peroxide-dependent in its 
activity, limited the conversion of suitable phenols to lignins. In addition, 
a general correspondence was apparent between the sites of intense per- 
oxidase activity and intense lignin deposition. To be sure, the production of 
relatively large quantities of lignin in largely meristematic tissue must be 
regarded as unusual, as was the production of gymnosperm lignins in angio- 
sperm tissue. It must be emphasized, however, that extra-physiological con- 
centrations of reactants were employed; the endogenous processes governing 
production and movement of native lignin precursors were undoubtedly 
inoperative here. The production of coniferous lignins can be accounted for 
if the phenols supplied occur more commonly in gymnosperms or, if char- 
acteristic phenols produced in hard wood tissues were not among those used 
as substrates. In this regard it may be noted that pyrogallol derivatives such 
as the syringyl compounds are more abundant in, if not peculiar to, deciduous 
tissues (Gortner 1949). 

Present results support the view that phenylpropane derivatives may serve 
as lignin precursors, although the participation of the isopropyl side chain 
(as in thymol) has not been hitherto indicated. 

The author wishes to stress again that the biological material employed 
served merely as a suitable vehicle in which to carry out certain reactions. 
It is reasonable, however, to present the results herein reported as suggestive 
of a possible mechanism for the biosynthesis of lignins. 
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Following preparation of the present manuscript, additional observations 
were made: (a) It is necessary that fully viable axes be employed for studies 
on lignin formation; embryonic axes from a seed sample with a low germina- 
tion percentage effected a comparatively slow conversion of thymol-H,0, to 
lignin unless the peroxide concentration was at a level of 10-2 to 5X 10? M. 
Results suggest that a wide range of reactant concentration be employed 
initially in future experimentation with lignin-producing systems. (b) Axes 
permitted to imbibe for 20—30 hours prior to use are more effective in lignin 
formation than dry tissue incubated directly in reactant solutions (respira- 
tory rate, the activities of peroxidase and other enzymes are maximal at 
25 hours). (c) The recent demonstration of the enzymatic conversion of 
coniferyl alcohol to polymeric derivatives should be noted (Freudenberg 
et al. 1952). Preparations of oxidizing enzymes including peroxidase trans- 
formed coniferyl alcohol into a »dehydrogenation polymer» with increased 
yields in the presence of H,O,. 


Summary 


When supplied with thymol and eugenol, but not orcinol, resorcinol, 
pyrogallol, etc., excised embryonic axes from Red Kidney bean seeds pro- 
duced substances yielding characteristic phloroglucinol, chlorine-sulfite, and 
Maule tests for lignin; solubility and localization of these products in vivo 
also indicated their lignin-like nature. 

A thermolabile, cyanide-sensitive, H,O, requiring agency (or agencies) in 
the tissue is associated with oxidation of the phenols and lignin-production. 
The distribution of peroxidase in tissues corresponds to the distribution pat- 
tern observed for the production of lignin-like substances. 

The processes of lignification may include the peroxidase-catalyzed oxida- 
tion of thymol- or eugenol-like compounds. 
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Introduction 


Hackbarth (4) has shown that the effect of day-length on the different 
varieties of Solanum species is very variable. Moreover, temperature can 
considerably modify the reaction even of the same variety to the length of 
day (12, 13). According to Russian scientists (cf 3, 11) tuber formation, 
especially in late potato varieties, is also affected by the temperature treat- 
ment of the potato sets. So the results of photoperiodic treatment may differ, 
depending on the variety of potato, the treatment of the sets, and growing 
conditions. In experiments carried out under the direction of the Department 
of Plant Pathology of Helsinki University the results of photoperiodic treat- 
ments have also varied considerably. The present paper deals mainly with 
the dependence of the effect of the photoperiodic treatments of potato on the 
length of the growing period. 


Methods 


The investigations have been carried out at the Helsinki University Experi- 
mental Farms, Viik Farm (latitude 60°10°N) and Muddusniemi Farm (approx. 
69°N). One further series of experiments was arranged at the State Experi- 
mental Station at Apukka (approx. 67° N). The method of applying photo- 
periodic treatment, using darkening boxes, has been reported in another 
context (9, 10). Experiments were carried out with 3 Solanum tuberosum 
varieties (Harbinger, Tammisto Early and White of Viik), one German com- 
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mercial potato variety Aquila derived from species hybridisation, 5 F ,-clones 
from a cross between S. tuberosum and S. demissum, and S. demissum. 
S. demissum and the F,-clones are resistant to potato blight (Phytophthora 
infestans), and very resistant to frost, too, so that their growth period in some 
experiments was relatively long (8). The variety Aquila, too, has not been 
attacked by the blight. Harbinger, Tammisto Early and White of Viik are 
early potato varieties, susceptible to blight, and sensitive to frost. The effect 
of the length of the growth period on the results of the photoperiodic treat- 
ments has been investigated by comparing the results of different series of 
experiments with each other, and harvesting the yield at different dates. At 
Muddusniemi Experimental Farm the sun does not sink beneath the horizon 
from May 22 to July 24. At Viik Experimental Farm the length of the longest 
day is 18.8 hours; on July 24 the day-length is 17.4 hours. The temperature 
at Muddusniemi has been somewhat lower and the growing season consider- 
ably shorter than at Viik. 


Results 


The effect of long day on the tuber yield of potato has been chiefly positive 
(Table 1). In addition, in the preliminary experiments carried out at Viik 
Experimental Farm (approx. 60°N) it had been established that the relatively 
most positive effect of the long photoperiod on the tuber yield has manifested 
itself in some very frost-resistant F,-clones resulting from the crosses between 
Solanum tuberosum and S. demissum. Therefore one of the hybrid clones, 
565, was sent to Muddusniemi Experimental Farm (approx. 69°N) to be 
investigated by the usual series of field experiments. There, however, this 
clone caused disappointment; its tuber yield at Muddusniemi was only 
approx. 25 per cent of that of the Harbinger potato. Continued experiments 
showed, too, that whereas the effect of long photoperiod on the tuber yield 
of clone 565 was positive at Viik, at Muddusniemi, on the contrary, it was 
negative (Table 1). Even before this it had been noted that in one series of 
experiments, in which the growing period had been considerably shorter 
than normal, the tuber yield of Harbinger potato had been somewhat higher 
when exposed to light for 10 hours than to the normal long day (10). Thus, 
the thought suggested itself that the reason for the difference between the 
effects of the day-length at Viik and Muddusniemi lay in the difference 
between the lengths of the growing seasons at these experimental farms. At 
Muddusniemi it was not possible to set the potato until 6—17 June, and it 
was harvested as early as 12—27 August. At Viik, by contrast, the experi- 
mental period had already begun by the end of May, and it continued to 
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Table 1. Effect of day-length on tuber yield in potato. 
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the first days of September at least, sometimes even to the first days of 
October. 

Experiments on the harvesting time (Table 2) showed, too, that the length 
of the growth period had a decisive influence on the results of the photo- 
periodic treatments. Because in 1951 and 1952, even at Muddusniemi, frost 
did not threaten the potato tops as early as usual, the later harvesting time 
was postponed to 9—10 September. As a consequence of this the injurious 
effect of long day on the tuber yield of clone 565 was noticeably reduced, 
and its effect on the tuber yield of Harbinger potato changed to a markedly 
positive one. In experiments carried out at Viik, the positive effect of long 
day on the tuber yield of Harbinger potato manifested itself already at the 
time of the first harvesting, even if it appeared still more marked at the 
second harvesting time. Here, however, even before the end of August potato 
blight began to destroy the tops. By contrast, the tuber yields of the species 
hybridisation clones, at the time of the first harvesting, when exposed to 
light for 10 hours only, was heavy compared with the yield of the same 
clones grown on the long day plots. However, at the time of the second 
harvesting it could again be observed that the effect of long day on the tuber’ 
yield of these, too, had been very favourable. Consequently, these experi- 
mental results indicate that short day hastened the onset of tuber develop- 
ment of the species hybrid clones investigated. However, once the develop- 
ment of tubers had begun, the long day had a positive effect on the tuber 
yield. The same tendency, though less distinct, manifested itself in the effect 
of day length on the Harbinger potato. In these experiments (Table 2), it is 
true, the positive effect of short day on the onset of tuber development has 
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Table 2. Effect of length of growth period and day-length on tuber yield in potato. 


—e mm 
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17 h 485 ay 11.8 2225 | 245 15.9 
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Normal 17 2 16.9 | 4647 | 241 20.9 | 
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Normal 82 11 11973 2431 176 21.7 
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not appeared. It is obvious, too, that the length of day has at least no great 
influence on the onset of tuber development in this potato variety. On the 
other hand, Harbinger is such an early potato variety that a full examination 
of this question would have involved a still earlier first harvesting time, as 
may be concluded from the comparatively high tuber yields (Table 2). So 
there is no reason to alter the opinion, formed on the basis of our earlier 
investigations (10), that a short day to some extent speeds the onset of tuber 
development in the Harbinger potato, too. With the exception of Solanum 
demissum, which in the conditions of long day never attained the stage 
necessary for the formation of tubers, after the onset of tuber development 
long day apparently had a positive effect on the tuber yield of all the potato 
varieties investigated (Tables 1 and 2). 

The dry matter content of the tubers of the hybrid clones has shown a 
marked positive response to the photoperiodic treatment. A corresponding 
effect has not, at any rate distinctly, appeared in the other potato varieties 
(Table 1 and 2). On the other hand with increase of the growth period there 
has throughout been an increase in the dry matter content of the tubers 
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Figure 1. Solanum demissum grown in normal day-length (upper) and in 10-hour day 
(lower, right) (14). 


(Table 2); at the same time the effect of day length on the dry matter content 
of the tubers of the species hybridisation clones has progressively decreased. 
However, it is perhaps not to be expected that a corresponding alteration of 
reaction from one developmental stage to another would manifest itself 
here, as Loehwing (6, 7) has observed in some other plants, for the length 
of the natural day is noticeably reduced between the first and the second 
harvesting time. 

It is generally agreed that in potato hybridisations »the short day type» 
(with regard to tuber formation) is dominant to »the long day type» (1, 12). 
The majority of the F,-plants resulting from the crosses between Solanum 
tuberosum and S. demissum carried out at Viik Experimental Farm have 
also (like S. demissum) formed no tubers (8). However, in reciprocal crosses 
tuber formation has been more common when S. tuberosum has been the 
»pistil plant» than when it has been the »pollen plant». Moreover, with regard 
to the effect of day-length on the onset of tuber formation, the species 
hybridisation clones have been typically intermediate between the two parents 


Figure 2. Species hybrid 570 grown in 
normal day-length (right) and in 10- 
hour day (left). 


(Tables 1 and 2). At the same time it is worth noting that in these crosses 
one of the parent plants (Solanum demissum) is a typical »short-day plant», 
the other (S. tuberosum), however, is not to be regarded as »a long-day 
type», but as a »short-day type», too, even if a less sensitive representative 
of it, or at most as »day neutral». 

Discussing the reason why long day led to an increase in the tuber yield 
after the onset of tuber formation, and why this effect, particularly in the 
hybrids, still manifests itself very distinctly so late in autumn that the natural 
day-length is already essentially reduced, attention is caught by the enlarge- 
ning effect of long day on the potato haulm (Tables 3 and 4). In all the 
experiments in which the effect of day-length on the top yield of the potato 
was investigated, the effect of long day has been positive. In Solanum demis- 
sum this effect was particularly marked (14, cf. also 2 and 5, Figure 1); it 
is very noticeable in the hybrid clones, too, (Figure 2) and less marked in 
Harbinger potato (Figure 3). Thus it is obvious that after the potato has 
reached the stage of development when the tubers begin to form, the positive 
effect of long day on the tuber yield is primarily dependent on the energy 
economy of the plant. Here, in all probability, the length of the assimilation 
period is initially of significance, and as secondary factors have affected the 
abundant energy potentials stored in the tops. The short day has hastened 
top development in all the potato varieties investigated. This manifested 
itself in at least a relative decreasing of top yield and increasing of dry matter 
content of tops from the first to the second harvesting time (Table 4). In 
the experiments carried out in 1952 at Viik the top yield of Harbinger potato 
was in fact reduced more when grown in the natural than in 10 hour’s day- 
length, but the reason here was potato blight. That in these experiments, too, 
however, top development in a 10-hour day was more advanced, is indicated 
by the dry matter content. In some experiments, it is true, the dry matter 


10 


146 ONNI POHJAKALLIO 


Figure 3. Six potato varieties grown 
in 10-hour day (left) and in normal 
day-length (right). Harbinger potato 
in the foreground. 


content of potato tops was markedly lower when grown in 10 hours than in the 
natural day length. The reason for this has apparently been the higher foliage 
ratio of the tops grown in short-day conditions; the stiff stalks, where ihe dry 
matter content is highest, have largely been lacking (Figure 1—3). Hence, 
long day has delayed the maturing and withering of the tops, and thus 
lengthened their assimilation period, which has undoubtedly had a positive 
effect on the tuber yield, too. In North Finland, however, this effect has 
hardly been more significant than in the south of the country (9, Table 3). 
On the other hand the potato blight, which in 1947—1952 did not appear 
at all as far north as Muddusniemi, in South Finland often prematurely 
arrests the growth of the potato (cf. also Table 2). 


Another remarkable phenomenon is that the positive effect of long day 
on the top yield of the hybrid 565 has not been nearly so marked at Muddus- 
niemi as at Viik. This phenomenon was even perceptible to the eye. Further- 
more it has been established that in normal day-length conditions clone 565 


Table 3. Effect of day-length on top yield in potato. 
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Table 4. Effect of length of growth period and day-length on top yield in potato 
(cf. Table 2). 
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formed many more stolons at Muddusniemi (approx. 69°N) than at Viik 
(approx. 60°N). So it is arguable that at Muddusniemi a relatively large pro- 
portion cf the buds of this potato variety are transformed into stolons without 
tubers. Unfortunately the weight of the stolons was not determined, so that 
it is not known, in the different cases, what has been the total dry matter 
yield of both stolons and tops together. When grown in conditions of a 
10-hour photoperiod, clone 565 developed short stolons only, generally ending 
in tubers, thus resembling Solanum demissum (Figure 1). According to 
Stelzner and Lehmann (12) in the Peruvian potato stolon formation is more 
abundant when grown in long-day than in short-day conditions. Thus it 
may be assumed that the very abundant stolon formation of clone 565 
obtained at Muddusniemi was the result of the rather extreme length of day 
prevailing there. At the same time it seems possible that some tuber and top 
yield results, which are otherwise difficult to interpret, depended on varia- 
tions in the formation of stolons. 


Conclusions 


1. A long diurnal photoperiod prevented tuber formation in Solanum 
demissum, but had at most little effect on the onset of tuber formation in the 
Solanum tuberosum varieties investigated. 
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2, In most cases long day prevented, in other cases noticeably retarded, 
tuber formation of the F,-clones resulting from crosses between Solanum 
tuberosum and S. demissum. 

3. However, after the onset of tuber formation long day had a positive 
effect on tuber yield. Thus, when the growth season was long enough, the 
tuber yield of all of the commercial potato varieties, and of the species 
hybrids, too, was more abundant when grown in natural conditions than in 
a 10-hour day. 

4. Long day increased the top yield and delayed the maturing and 
withering of the haulms of all the potato varieties investigated. 

5. The onset of tuber formation in the species hybrids investigated seems 
to be dependent on photoperiodic stimulation. After this, however, the tuber 
yield is primarily determined by the energy economy of the potato plant, 
which again depends both on the amount of light received and on the area 
of the assimilating surface, and also on the survival of the tops, i.e. on 
factors on which the long photoperiod has a positive effect. 
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In earlier publications the influence of certain factors on the formation 
of laccase by some Polyporus species was reported. Thus it was shown that 
the laccase production was increased by the addition of phenols to the 
medium (1), by a high hydrogen ion concentration and by iodide (4), and 
also by certain yet undefined compounds present in natural extracts (malt, 
yeast, potato extracts) (2). 

These investigations have been continued, one starting point being the 
observation that phenols, i.e. the substrates of laccase, cause an increased 
formation of laccase in synthetic media (1). In connection with previous 
studies on the occurrence of tyrosinase and laccase in fungi (5), one of us 
(G.L.) also studied the effect of tyrosine on the formation of these enzymes 
by Marasmius scorodonius. As a response to this addition, surprisingly 
enough, the laccase production, but not the tyrosinase production, was 
increased. 

Following up the above-mentioned experiments with natural extracts (2), 
the influence of various amino acids on the production of laccase was also 
studied. In these experiments, too, the strong effect of tyrosine on the laccase 
production was observed. In addition, some of the other amino acids more 
or less affected Ihe formation of this enzyme, although none as much as 
Lyrosine. 


A more detailed report of these experiments is given in this paper. 
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Materials and Methods 


The same strains of Polyporus zonatus and P. versicolor were used as in earlier 
work (4). For P. zonatus (Tables 1 and 6) the basic medium used was identical with 
the one earlier described (4, p. 277). In the experiments with P. versicolor, the 
media A and B given in an earlier publication (2, p. 285) were used. Medium A 
contained ammonium chloride and medium B asparagine as the nitrogen source. 
In most experiments the media A and B were modified by the addition of 0.15 g 
DL-phenylalanine per liter. This was done because the growth of P. versicolor, as 
shown in special experiments, is enhanced considerably in the presence of this 
amino acid. The media containing phenylalanine are denoted Af and Bf, respectively. 
The Bf medium differs from the B medium also by containing only 1 g, instead of 
2.45 g, L-asparagine per liter. 

The arrangement of the experiments was identical with the one reported previously 
(2, 4, 5). In the case of P. versicolor, the filtered and dialyzed nutrient solutions 
were used directly for the determination of the laccase activity. In the experiments 
with P. zonatus, the media were first saturated with ammonium sulphate and the 
precipitates dissolved in small amounts of water and dialyzed. This procedure means 
a considerable concentration of the enzyme so that also very small amounts of 
phenol oxidase could be determined. 

The manometric measurements of the phenol oxidase activity were made as 
earlier described (2, 4). For the determinations, aliquot parts of the solutions were 
used. The oxygen uptake was measured at 25° C, and catechol at pH 5 was used as 
a substrate. The enzyme activity has been calculated for the whole cultures (20 or 
25 ml), containing known amounts of mycelia, and has been expressed as the amount 
of oxygen in ul taken up in one hour during the oxidation of catechol. 


Results 


Influence of tyrosine 


In an experiment with P. zonatus increasing amounts of tyrosine were 
added to the medium (Table 1). The experiment comprised four series, each 
with 20 parallels, containing 0, 0.1, 1 and 10 mg L-tyrosine per flask (25 ml), 
respectively. Enzyme extracts were prepared from the mycelia as well as 
from the solutions (cf. 5, p. 101). 


Table 1. Influence of L-tyrosine on growth and formation of phenol oxidase of Polyporus 
zonatus. 18 days. For details see text. 


; | , ul O, uptake per | pl O, uptake per | Total O, uptake (pl) | 
ty oon hee ey nutrient solution of| mycelium of one per mg mycelium 
mg/flask NS = mel one culture culture formed 

_—$<——S— 
0 | 92 | 21 | 4 | 0.3 
| 0.1 | 89 | 19 | 5 0.3 
| 1 | 91 24 | 8 0.4 

10 99 204 13 2.2 
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The influence of tyrosine on the mycelium production was insignificant. 
Nor did additions of 0.1 or 1 mg tyrosine per flask affect the phenol oxidase 
production of the fungus. At a concentration of 10 mg per flask, however, 
tyrosine caused a marked increase in the phenol oxidase content of the 
culture. 

The extracts of the mycelium, as well as the preparations from the nutrient 
solutions, catalyzed the oxidation of catechol, hydroquinone and p-cresol 
(the latter substance giving a white oxidation product), but not the oxidation 
of tyrosine. The activity towards catechol was not inhibited by carbon 
monoxide. Thus, the addition of tyrosine did not influence the type of phenol 
oxidase formed by the fungus, this still being of the laccase type as found in 
earlier studies (4). 

Further experiments with P. zonatus and P. versicolor have fully con- 
firmed these results. An experiment with P. versicolor gave the following 
results (Table 2). 

The figures given in Table 2 refer to the oxidation of catechol. Here, too, 
no oxidation of tyrosine could be demonstrated, although both culture media 
and mycelial extracts were tested. 

The amounts of laccase produced by P. versicolor in this case are of about 
the same magnitude as those produced by P. zonatus in the experiment cited 
above. In most later experiments with P. versicolor, however, a much stronger 
effect of tyrosine was noted. This seems largely to be due to the fact that 
medium B was used instead of medium A in these experiments. As was 
pointed out earlier (2), the formation of laccase by P. versicolor seems to be 
stronger in a medium containing asparagine (medium B) than in one con- 
taining ammonium salt (medium A), provided that the duration of the 
experiment is rather short. 

The result of an experiment with increasing amounts of tyrosine in medium 
B is shown in Table 3. A direct comparison of the effect of tyrosine in the 
A and B media was also made, and the results obtained are shown in Table 4. 


Table 2. Influence of L-tyrosine on growth and laccase production of Polyporus versicolor. 
Medium A, 7 days. 5 replicate flasks. 


Mycelial dry weight | nl O, uptake per | pl O, uptake per mg | 


L-Tyrosine mg/flask 


; in mg flask mycelium formed 

| | 
0 24 0 0 
0.9 40 0 0 
1.8 42 35 1 
3.6 44 123 3 
4.5 40 140 | 35 
9.0 43 333 8 
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Table 3. Influence of L-tyrosine in the presence of arginine and lysine on growth and 
laccase production of Polyporus versicolor. Medium Bf, 8 days. 8 replicate flasks. 2.1 mg 
L-arginine hydrochloride and 1.8 mg L-lysine hydrochloride per flask. 
(a ee a ee ee 


F x ; 1 O, uptake per 
Additions mg/flask en weight HEC LEE x mg un 
| | formed 
NORGE MT. eee de ser | 71 120 der 
IAT SUMING SV SUN CM ws. res te 50 170 3.4 
Arg., lys. + 1.8 mg tyrosine 50 630 13 
> +3.6 » > 49 3720 74 
> +54 » > 49 4350 89 
> +9.0 » » 40 3570 89 


In these experiments, the amino acids arginine and lysine were also included 
since they seemed to increase the tyrosine effect (see next section). 


It is evident from the Tables that tyrosine exerts a strong influence on the 
laccase formation. This effect, however, depends largely on the composition 
of the basal medium. The effect is much more pronounced in the B medium, 
which contains only amino nitrogen, than in the A medium, which contains 
ammonium nitrogen. 

There is also a considerable difference in mycelium production in the two 
media. The amino acids stimulate the mycelium formation in medium A 
(Table 2, 4), while they partly inhibit growth in medium B (Table 3, 4). 
The strong laccase production in medium B might possibly be directly con- 
nected with this inhibition of growth; as will be seen also from the indole 
experiments cited below (p. 155), the laccase production per unit weight 
mycelium often seems to run parallel with an inhibition of mycelial growth. 
These facts will be discussed in more detail below (p. 157). 

Since it is well known that certain degradation products may be formed through 


heat sterilization of glucose, particularly in the presence of amino acids, the effect 
of tyrosine, sterilized separately from the glucose, was also studied. This was done 


Table 4. Influence of tyrosine, together with arginine and lysine, on growth and laccase 

production of Polyporus versicolor on Af and Bf medium. 7 days. 6 replicate flasks. 5.4 mg 

L-lyrosine, 2.1 mg L-arginine hydrochloride, and 1.8 mg L-lysine hydrochloride added 
per flask. 


I I a TT Se 
: 2 pt-0;-uptake per 
| Medium Mycelial ou weight] pl O, aa Pet | ns myecharn 
mn DIE | formed 
| 
| Rien ends svt: ren vals 44 0 0 
| Af- tyrosine, arginine, lysine 59 385 6.5 
RP a een as averse ele 51 88 | LT 
| Bf-J-tyrosine, arginine, lysine 36 | 2835 79 
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by filtering either the glucose or the tyrosine through bacterial filters and adding 
them aseptically to the media. In both cases, however, the same effect of tyrosine 
on the laccase formation was observed as in the experiments reported above. 


/ 
if 


Influence of other amino acids 


Numerous experiments were performed with different amino acids in order 
to study their effect on the laccase production of Polyporus versicolor. Besides 
tyrosine, only tryptophan showed an appreciable effect in this respect 
(Table 5). A slight effect was also obtained with anyone of phenylalanine, 
arginine, lysine or proline, while the others had no measurable influence on 
the laccase production. In some cases, however, the mycelial growth was 
affected. In these experiments the following amino acids were tested (0.01 
mMol L-acid per flask, 20 ml volume): glycine, a-alanine, valine, leucine, 
isoleucine, serine, threonine, aspartic acid, glutamic acid, cystine, methionine, 
and histidine. 

Combinations of tyrosine with some of the slightly active amino acids 
mentioned above were also made. Some of these combinations were found to 
increase the tyrosine effect. Particularly arginine and lysine seemed to do so, 
but since growth in these cases was accompanied by a stronger decrease in 
pH than in the control series, it is possible that this was merely a pH effect. 
In fact, earlier work (4) has shown that a low pH favours the laccase pro- 
duction. Phenylalanine and proline, however, definitely increased the tyro- 
sine effect without any simultaneous decrease in pH. 


Table 5. Influence of DL-tryptophan on growth and laccase production of Polyporus versi- 


color. Medium Bf, 7 days. 5 replicate flasks. 


DL-Tryptophan 


Mycelial dry weight ul O, uptake per | tl O, uptake per mg 
| 


| 
| 
| mg flask in mg flask mycelium formed | 
| | | 
| 0 | 29 | 0 | 0 

2.1 | 32 470 15 

4.1 | 33 525 16 

8.2 32 875 27 

16.4 29 1140 39 


Influence of other aromatic compounds 


In the case of tyrosine, the question arose if this substance is really func- 
tioning as an amino acid, that is, if the alanine side chain is essential for 
the effects observed. It might well be that rather the aromatic nucleus. or 
perhaps the phenolic group, is important. A clue to this problem might be 
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Table 6. Influence of some aromatic substances on growth and laccase production of 
Polyporus zonatus. Medium: see p. 151. 16 days. 8 replicate flasks. 
nt CR EE ER 


| ty Mycelial dry wei à BL Os jupiake per | 
| Additions mg/flask 3 a Een sht ane PE mg mycelium | 
| = formed | 
DORE A beac 72 38 0.5 | 
Bob yROSING 9.0, more... 76 627 8.3 | 
DL-Phenylalanine, 8.3 mg ...... 69 75 1.1 
| p-Hydroxybenzoic acid, 6.9 mg 79 | 1084 14 


given by an experiment where phenylalanine (without the phenolic group) 
and p-hydroxybenzoic acid (without the alanine chain) are compared with 
tyrosine. The result of such an experiment will be seen in Table 6. 

From Table 6 it is evident that in the compounds tested the hydroxyl 
group is essential for the increase in laccase production in P. zonatus. Phenyl- 
alanine is only very slightly active, whereas p-hydroxybenzoic acid has a 
strong effect. Similar results were obtained with P. versicolor. 

It must be remarked here that neither tyrosine nor p-hydroxybenzoic acid 
are oxidized by laccase, at least not to a measurable extent in short time 
experiments. For this reason it seems difficult to classify the laccase forma- 
tion in this case as an »adaptive» one. However, the configuration 
—< >>—OH seems to stimulate the laccase production, even though the 
phenolic group is not oxidized. 

A more detailed discussion of this question is to be found in the next 
section. 

For tryptophan, which also stimulates laccase production (Table 5), it 
could likewise be suspected that the alanine side chain may not be essential 
for the effects observed. The related compounds, indole and anthranilic acid, 
were therefore tested (Table 7). In an additional experiment, the effect of 
varying amounts of indole was studied (Table 8). 

Obviously, indole is the most active compound of those tested here. It is 
even more effective than tyrosine, as far as the relationship activity per unit 


weight of mycelium is concerned. 


Table 7. Influence of DL-tryptophan, indole and anthranilic acid on growth and laccase 
production of Polyporus versicolor. Medium Bf, 9 days. 5 replicate flasks. 


ul O, uptake per 


| f 
| . . t i 
mie Mycelial dry weight) pl O, uptake per i 
Additions mg/flask | : 2 | mg mycelium | 
= in mg | flask ave) 
| | 1 | 
NOTONS PACE AT rat ete | 53 | 0 | 0 | 
| Tryptophan, 4.1 mg ......... ) 59 410 | i 
LIT OG eae mE eects roca etoate se a | 13 1380 | 106 
Anthranilic acid, 2.7 mg_... 19 630 33 


156 GOSTA FAHRAEUS AND GOSTA LINDEBERG 


Table 8. Influence of indole on growth and laccase production of Polyporus versicolor. 
Medium Bf, 8 days. 6 replicate flasks. 


i ET TE TEE VEREREERERESEREET] 


: : ul O, uptake per 
Mycelial dry weight] pl O, uptake per a li 
s : g mycelium 
| Indole mg/flask nie flask ae 
rc nn eut La ___—_ 
| 
0 46 | 51 1.1 
0.6 42 1160 28 
12 35 | 3840 110 
2.3 14 1790 128 


The existence of the metabolic pathway anthranilic acid>indole>trypto- 
phan is well known from studies of certain microorganisms (3, 9), and at 
least it seems possible that the effect of tryptophan might depend on a 
metabolic transformation of this substance to indole. Anyhow, the alanine 
side chain evidently is not necessary for the effect on the laccase production. 
This is in analogy with the findings in the case of tyrosine. 


Discussion and conclusions 


In the present work it has been shown that some aromatic substances, 
particularly tyrosine, p-hydroxybenzoic acid, indole, tryptophan, and anthra- 
nilic acid, stimulate the laccase production of two Polyporus species. The 
activity range of laccase includes a great many phenols and aromatic amines, 
but the compounds mentioned are not oxidized. 

The influence of these substances on the laccase production thus does not 
seem to be easily explained according to the classic concept of enzymic 
adaptation. 

However, some parallels to these results may be found in investigations on 
other enzymes, for instance those of Mirick, Phaff, and particularly Monod 
and coworkers. Mirick (6) found that p-nitrobenzoic acid would induce 
formation of the PABA-oxidizing enzyme in a soil Pseudomonas. This result 
was considered to depend on a metabolic transformation of p-nitrobenzoic 
acid to the specific substrate. Penicillium chrysogenum studied by Phaff (8) 
formed »pectinase» (pectin esterase+ polygalacturonase) not only following 
the addition of the specific enzyme substrates to the medium, but also of 
a substance like L-galactonic acid which was not attacked but has certain 
stereochemical features in common with the specific substrates. 

The recent investigation of Monod and coworkers (7) deals with the 
ß-d-galactosidase of Escherichia coli. It was clearly shown that some galac- 
tosides (e.g. melibiose) were strongly active in inducing galactosidase forma- 
tion, although they did not show any affinity to the enzyme. Here, again, 
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the specific configuration, rather than the availability as a substrate, is 
decisive for the effect on enzyme formation. 


For the aromatic substances tested in the present work, it is hardly possible 
at the present moment to form a definite opinion about their mode of action 
on the laccase formation. It has earlier been found (1; unpublished data) 
that phenols (catechol, hydroquinone, pyrogallol, dopa) as well as amines 
(p-phenylene diamine) induce an »adaptive» laccase formation in cultures 
of Polyporus versicolor. These substances, however, are all rapidly oxidized 
by laccase. An intracellular transformation of tyrosine and the other sub- 
stances mentioned above to oxidizable phenols or amines and thus an indirect 
way of adaptive laccase formation might be conceivable, but this idea is not 
consistent with the fact that tyrosine etc. stimulate the laccase formation 
far more than catechol, hydroquinone or dopa (unpublished data). One way 
of explaining this fact would, of course, be that the permeability of the 
mycelial cells to tyrosine etc. might be much higher than their permeability 
to the phenols mentioned. 

If a transformation of the substances tested to oxidizable ‘compounds is 
excluded, the only possible explanation for the findings seems to be that the 
specific molecular configuration of these compounds is of major importance 
for the laccase formation, in accordance with the conclusions of the authors 
cited above (7—-8). Then it would be necessary to assume that either a hydroxyl] 
or an amino group, coupled to the aromatic nucleus, is a sufficient condition 
for inducing an increased laccase formation, irrespective of the ability of the 
enzyme produced to oxidize these groups. 

Indole and tryptophan seem to fit into this scheme on the assumption that 
secondary amino groups are active, too. 

In certain experimental series (Tables 4, 7, 8), the especially strong effect 
of indole, anthranilic acid and tyrosine on the ratio enzyme activity per unit 
weight of mycelium seems to depend on a pronounced inhibition of mycelial 
growth. This phenomenon should be compared with results previously 
obtained with high hydrogen ion concentrations and with iodide (4). In 
these experiments, too, a strong inhibition of the growth was observed in 
those cases where a high laccase activity was established. 

All these cases of correlation between inhibition of growth and high laccase 
activity might be explained on the basis of a deranged metabolism induced 
by toxic concentrations of the compounds added. These compounds obviously 
interfere with certain processes essential for growth, which is reflected in 
reduced figures for mycelial weight. Since a competition for protein material 
between different enzyme-forming systems in the cells may be assumed to 
exist (compare Spiegelman, 10), the formation of laccase might well be 
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favoured by a reduced synthesis of certain other cell constituents, provided 
that the energy-yielding mechanisms are not severely affected. 


Summary 


The influence of tyrosine and some other substances (amino acids, aromatic 
compounds) on the growth and laccase production of Polyporus zonatus 
and P. versicolor has been studied. Several of the compounds tested caused 
an increased laccase formation, although none was oxidized by the enzyme 
formed. Strong effects were obtained with tyrosine and p-hydroxybenzoic 
acid; tryptophan, anthranilic acid, and indole. Phenylalanine had only a 
very weak action. 

The findings are discussed in the light of current ideas of enzymatic 
adaptation. 


This work was supported by a grant from »Magnus Bergvalls Stiftelse». 
The technical assistance of Messrs. M. Engvall and R. Harmsen is gratefully 
acknowledged. 
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Introduction 


Numerous workers have reported a stimulating action of ionizing radia- 
tions in plants as well as animals. Although the definition of the term »res- 
ponse to a stimulus» might be broadened to emphasize the injurious effects 
of radiations, which in higher plants lead to a retardation of germination 
and growth, it would be preferable to confine the use of the term to more 
typical stimulation reactions of cells, tissues or organs. In such reactions the 
cells alter their state of activity in a manner, which is qualitatively and 
quantitatively characteristic of the cells but not of the stimulus. In some cases 
a radiation-induced increase of the growth rate or the germination frequency 
in higher plants, or certain animal reactions, e.g. the triple response in human 
skin, may be related to real stimulation. The situation seems, however, more 
perspicuous in experiments with lower organisms: In Phycomyces Blakes- 
leeanus Forssberg (1943) has observed radiation-induced reactions strongly 
reminiscent of true stimulation reactions (cf. van der Werff, 1948). 

In all cases where the properties of cells allow measurements, typical 
changes of the protoplasmic viscosity seem to occur at true stimulation (Heil- 
brunn, 1943). Such viscosity changes have also been observed as effects of 
ionizing radiations (cf. Heilbrunn and Mazia, 1936). However, it might seem 
difficult to conclude if these changes are typical stimulation phenomena with 
a biological reaction mechanism or trivial chemical radiation effects on a 


colloid (Dessauer, 1928; Rajewsky, 1930). 


[159] 
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Experimental 


The present experiments concern changes in the protoplasmic viscosity 
in leaf cells of Helodea densa under the influence of ß-rays from S*° and P*? 
and ß*- and y-rays from Na”. The viscosity was determined by the centri- 
fugation method (Stälfelt, 1946) with the modifications of Virgin (1948, 
1951), according to which leaves — dark-adapted for 72 hours — were 
inserted in 2 ml. test tubes (inner dimensions 5X50 mm.). The speed of the 
centrifuge was in all reported series 3200 r.p.m. This corresponds to a centri- 
fugal force of 920 times gravity acting upon the leaves. Further data for the 
centrifuge are given by Virgin (1951). The test tubes contained solutions of 
radioisotope compounds in culture water. P*? was given as H,P*’O,; since 
the substance was carrier-free, no correction of the pH was necessary. 
Further, pure culture water could be used as reference solution. S*° and 
Na?? were given as Na,S?°O, and Na??Cl, respectively. Both compounds con- 
tained a certain amount of inert NaCl; therefore reference solutions with 
appropriate concentration of NaCl had to be used. In no case any influence 
of NaCl could be observed. — The P®? and S?® compounds were obtained 
from A.E.R.E., Harwell, England, and the Na??Cl from the Inst. of Ter- 
restrial Magnetism, Washington, D.C., U.S.A. 

After different times, given in the Tables, the tubes were centrifuged for 
five minutes. All work was performed in darkness except for the inserting 
of the leaves into the tubes, which was performed in very weak inactive red 
light (cf. Virgin, 1952). The temperature was 18—20° C. 

The results are summarized in the Tables 1—3. We thought a semi-quan- 
titative evaluation of the viscosities sufficient for the present purposes. The 
values are therefore given as ++, +, 0, —, and — —, meaning strong in- 
crease, increase, no change, decrease and strong decrease, respectively. 
(+) and (—) mean a change which is less evident. 


Table 1. The influence of ß-rays from S% on the protoplasmic viscosity of Helodea leaves. 

The effect of the radiation is stated by the gradation: ++ (strong increase), + (increase), 

0 (no change), — (decrease), — — (strong decrease). (+) and (—) mean a change which 
is less evident. 


A OT pe | Time for treatment in minutes fh 
Pare 1 13 60 24 X 60 
88 0.15 (—) — — ae | 
8.8 0.015 (+) (—) (+) 
0.88 0.0015 0 0 + 0 
0.088 0.00015 0 
NaCl (Check) 0 0 0 0 
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Table 2. The influence of ß+- and y-rays from Na® on the protoplasmic viscosity of 

Helodea leaves. A: The leaves were immersed in a radioactive solution of culture water. 

B: The leaves were in glass tubes outside the radioactive solution. The gradation of the 
effect as in Table 1. 


Activity Dose rate rep./min. Time for treatment in minutes | 
C/ml. | 
#C/m 8+ y 1 5 13 60 4X60 | 13X 60 | 
100 1 S 2 0 + | (4) + (—)? | 0 (living) 
7 20 0.2 SS — ++) (+ 0 (—)? | 0 (living) 
4 0.04 ey renee a Spa (dead) | (dead) + 
+ 3 
0.8 0.008 sae ae 0 ee 0 
01650-00014 || 5, — —| — 0 (—) 0 
0.03 | 0.0003 | 24 0 0 
NaCl (same conc. as in soln. |* : 
100 uC/ml.) N : 0 eye) 
| 5 13 80 140 720 
B | PT POSAIT Ze 
| | 0.1 — —i++| ++ + |0 (living) | 


Although there are many details which cannot be discussed until after 
completing experiments, the head-lines of the results are of interest. In some 
cases of S*°- and Na?*-treatment the viscosity changes involved a transient 
liquefaction of the protoplasm followed by a strong increase of the viscosity. 
Such a course of viscosity changes is said to be provoked by different 
stimulating agents (cf. Heilbrunn’s review on the subject, 1943). The effects 
of P??-treatment seem to be more obscure from this point of view: at medium 
and low P*? activities (corresponding to the activities used of S?® and Na??), 
only small and uncertain viscosity changes in various directions were 
observed. If, however, one and the same experimental series is regarded 
(vide the indices A—D in Table 3) the course: decrease — increase — normal 
viscosity seems to be shown at 9 and 0.9 wC/ml. The obscure effect of P*? 
needs not be due to special properties of the radiation but may be due to the 
fact that the P?? experiments were carried out at a time (in Februar) when 
the Helodea material was not at its best. At 400 and 1150 uC of P??/ml., ie. 
radioisotope concentrations higher than could be attained in the experiments 
with Na?? and S%5, a strong liquefaction of the protoplasm was observed 
after 13 min. After treatment for one hour the viscosity was equal to that of 
the reference, and after 12 hours a new liquefaction wave could be indicated. 
It is interesting to note that at these activities no viscosity increase could be 
observed. 

Parallely to the experiments with Na’? in solution some series were per- 
formed with y-radiation from an external Na?” source, the positrons being 
shielded off with lead. The y-dose rate was calculated to be about the same 
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Table 3. The influence of ß-rays from P® on the protoplasmic viscosity of Helodea leaves. 
The gradation of the effect as in Table 1. Several experimental series were run as denoted 
by indices (A—D) in the table. 


| 


Acti- Dose rate Time for treatments in minutes | 
vit B - 
aC ina pep 5 9 1/2 | 13 | 30 60 |4X 60) 12 X 60 
LE LU | "7 lea. Re EC CU oe Mt ERS BER ee 
1150 23 | QD oD D D D Dal LODIOD D MD 
| | (living) 
| 400 8 0 oD A EN Die Di Ok (—)D (—)P | 
| | ——D ——D | | (living) | 
100 2 OD QD 
90 18 | (- JB oc | (0)B| 0A 08 oa | —A 0A | 
| 0B | 
10 0.2 oD oD | 
9 0.18, BE PNEUS (NE (je oA 
= °B | 
0.9 0.018 | (—)B OC | (0)B| OA (+)B OA |” 04 0A | 
0B ! 
/ 0.09] 0.0018 (0)¢ | (0)B| 0A 08 | o4 | o4 0A 


as the total dose rate occurring in a solution with 10 uC of Na?’/ml., ie. 
0.1 rep./min. In these series (Table 2), a very distinct liquefaction was 
observed after 5 min., followed by an increase of the viscosity (observations 
after 13 min. and 1 hour). After 4 hours the increase was less pronounced, 
and after 12 hours the viscosity was normal. 

In all cases, except treatment with strong P*? activities, the viscosity of 
the protoplasm was found to be reverted to the original — or nearly original 
— value during prolonged irradiation. The exception in the Na”? series with 
4 yC/ml. was obviously due to the leaf being killed for some unknown 
reason. Simultaneously with this last viscosity determination, it was observed 
that the cells could be plasmolyzed like cells in untreated leaves, and further 
that their protoplasmic movement was normal. This was taken to indicate 
that they were living and that they had adapted themselves to the constant 
state of irradiation, which, when first applied, caused typical changes in the 
protoplasmic viscosity. The situation reminds of Forssberg’s (1943) results: 
during a prolonged irradiation the growth rate of the sporangiophore of 
Phycomyces, after typical changes involving minima and maxima, stabilizes 
at a value not far from the growth rate of un-irradiated sporangiophores. 


Discussion 


From the experiments reported in this paper it is obvious, that the proto- 
plasmic viscosity of plant cells is more or less strongly affected by ionizing 
radiations. The values show fluctuations during constant irradiation, which 
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are very Similar to those produced by visible light (cf. Virgin, 1951, especially 
Chapter 7). This points to the fact that they are the result of a true response 
of the living protoplasm to a stimulus and not only a trivial chemical radia- 
tion effect on the protoplasmic colloids. The phenomenon is thus a further 
example on a response to stimulation in the living protoplasm which like 
phototropism, light-induced viscosity changes and other radiation-reactions 
have a periodic course. It is interesting that the viscosity changes are pro- 
duced by very small radiation doses (cf. the Tables), of the same size as 
those provoking growth rate changes in the Phycomyces sporangiophore 
(Forssberg, l.c.). 

The cause of such periodic changes in the response to the stimulus is yet 
unknown. Hypotheses concerning antireactions of different kinds have been 
put forward, but no clear evidence for the existence of such reactions has 
been adduced, even if the response of the protoplasm to consecutive light 
impulses can give support for the idea of antireactions (Bottelier, 1943; 
Virgin, 1951). By the results from researches on phytohormones, it has been 
shown that a number of substances probably exist which may counteract 
each other and thus give rise to a resultant undulating end reaction. It is 
known that visible light (Went, 1928 a.o.) as well as X-rays (Skoog, 1935) 
can affect the concentration and distribution of phytohormones, and van der 
Werff (1948) has demonstrated theoretically that an undulating end reaction 
can be obtained after a primary induced change of the concentration of one 
substance. 

The irritable systems in the protoplasm which are affected by irritants 
so widely different from each other as are visible light and ionizing radia- 
tions must not necessarily be different. In regard to the responses caused by 
visible light, the energy responsible for the reaction is absorbed by pigments 
in the protoplasm and then converted to chemical energy. In regard to the 
action of radioactive radiations quite another initial mechanism takes place, 
where the ionization of different molecules within the protoplasm plays the 
greatest rôle. The physiological effect, however, of such different radiations 
may be similar, involving a chemical change of parts of the plasmatic system 
which results in viscosity changes. One general chemical change in cells of 
Helodea, visible after treatment with different stimuli including X-rays, is 
the precipitation of calcium oxalate in the vacuoles (Mazia and Clark, 1936). 
In his stimulation theory Heilbrunn (1943) ascribes a great importance to 
this calcium precipitation. 

As regards the biological effects of radioactive radiations, the direct 
breaking of the chromosomes is an important factor, but especially in the 
case of radiations with low ionization densities, plasmatic effects have to be 
regarded, too. Measurements of protoplasmic viscosity will be one method 
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to investigate the mechanism of action. It is further interesting to note that 
anesthetics have been found to counteract X-ray injuries in plants (Nybom 
et al., 1952), since the present investigation of the effects on protoplasmic 
viscosity have demonstrated that radiations produce typical stimulation reac- 
tions: such are regularly inhibited through a state of anesthesia. 


The experimental work in this paper has been performed at the Institute of Plant 
Physiology, University, Stockholm. The authors are deeply indebted to the head of 
the institute, Prof. M. G. Stälfelt. We are also indebted to Prof. Ph. H. Abelson, 
Washington, D.C., who sent us the Na” preparation. Financial support was given 
by the Knut and Alice Wallenberg Foundation. 


Summary 


1. Effects of G-rays from P*?, S%5 and Na?’ and of external y-rays from 
Na”? on the protoplasmic viscosity of leaf cells of Helodea densa have been 
investigated. 

2. Medium radiation doses cause a liquefaction of protoplasm followed 
by an increase of the viscosity. After irradiation for 12 hours the viscosity 
has retained a normal value. 

3. High radiation doses (P??) seem to cause a liquefaction only. After 
treatment for 12 hours a second liquefaction wave is indicated. 

4. The effects are compared to those of visible light. The reactions are 
interpreted as real stimulation phenomena. 
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While many of the practical problems concerning dormancy in the potato 
tuber have been solved, the internal physiological factors that govern this 
state are little understood. Sachs (15) early demonstrated that, upon harvest, 
the potato tuber passes through a period in which it will not sprout even 
when placed under optimal sprouting conditions. During the late 1920’s 
several chemical compounds were discovered to have the ability of effectively 
breaking this rest period (3). In addition to working out such practical pro- 
blems, most of the investigators also made some attempt at locating the 
underlying causes of dormancy. 

One of the more obvious methods of approaching this basic problem is to 
determine what changes there are (if any), in the enzyme content. This 
approach has been used frequently, but most of the enzymes investigated 
showed no particular correlation with the rest period. There is, then, the 
possibility that the actual quantities of these enzymes do not change, but that 
their positions in relation to cellular structure do change. Such a change 
would not manifest itself in an examination of the overall enzyme content. 
Therefore, in this study, the problem was attacked by fractionating the cel- 
lular protein components and observing the enzyme changes occurring within 
each protein fraction. An attempt was made to place the experiments on a 
quantitative basis, so that the total amount of enzyme present could be 
accounted for by the two methods used. Some calculations were also made 


1 Present address: Kerckhoff Laboratories, Division of Biology, California Institute of 
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to determine what portion of the metals associated with the proteins ( 13), 
could be accounted for by the metal-containing enzymes assayed. 


Several reasons for choosing the potato tuber as the experimental material 
are immediately obvious. Large quantities of uniform material are available 
and by using only the inner parenchyma, a relatively homogeneous group 
of tissues is also available. Not only does the potato tuber exhibit the dor- 
mancy phenomenon, but it can be halved and different treatments applied 
to different halves of the same tuber. 


Methods and materials 


Treatments and fractionation procedures. — The treatment of the tubers 
and extraction and fractionation of the proteins have already been de- 
scribed (12). In the following investigation, tests were made on tuber halves 
of Russet potatoes stored continuously at 2° C,! and on corresponding halves 
transferred to 25° C ? for 10 days at monthly intervals, and on tubers stored 
continuously at 25° C.? The terminology for the fractions is identical with 
that used earlier (12), except that the first extract is called the homogenate, 
since it is comparable with preparations obtained by blending and by other 
similar procedures. The fractions obtained by the filtration method (Me- 
thod 1) were as follows: homogenate — potato powder suspended in buffer 
solution and filtered; crude -— protein suspended in water after being salted 
out; granules — portion of the crude filtered off by celite; granuleless — 
crude after the removal of granules; albumins — proteins soluble in salt-free 
water; globulins — proteins insoluble in salt-free water; acid-soluble albu- 
mins — albumins soluble at pH 5.3; acid-insoluble albumins — albumins 
insoluble at pH 5.3. 

The fractions obtained by the differential centrifugation method (Method 2) 
were as follows: homogenate — potato powder suspended in buffer solution 
and filtered; mitochondria — precipitate obtained after centrifugation for 
10 minutes with a force of 14,000Xg; microsomes — precipitate obtained 
after centrifugation for an hour with a force of 43,000 Xg; acid insoluble — 
proteins insoluble at pH 5.3; globulins — proteins insoluble in salt-free 
water; albumins — proteins soluble in salt-free water and not precipitated 
previously at pH 5.3. 


1 The temperature varied from 2 to 5° C, but for convenience it will be referred to 
as 2° C, 

? During the 1950—51 season the temperature was somewhat variable but approximated 
25° C; while during the 1951—52 season the temperature remained constant at 26 + 2° C. 
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Determination of catalase. — The procedure used was a modification of one 
devised by von Euler and Josephson (5). 50 ml. of 0.015 N H 20, with a partial 
concentration of 0.015 M phosphate buffer of pH 6.8 was cooled bs 0° to.1° C in 
an ice bath. One ml. of enzyme was added, the solution mixed rapidly and a 5 ml. 
sample immediately removed and pipetted into 10 ml. of 2 N H 28O, to inactivate 
the enzyme. Other 5 ml. samples were removed at 5, 10, and 15 Fra. These 
were titrated with 0.005 N KMnO, to the first permanent pink color. The values 


- a : . : : - 
of log Sr where a=the titration at zero time and (a—x) =the titration at 5, 10, 


or 15 minutes, were plotted to determine whether the points were on a straight line 
through zero time. Any errors that may have been present in the titrations were 
found in this way. Catalase activity is expressed as the number of milliliters titration 
of KMnO, (after a 5 minute period) for an enzyme preparation containing one 
gram of protein. This value was converted into the total catalase activity of a given 
fraction on the basis of the total protein content of that fraction. 

Determination of peroxidase. — A slightly modified method of Sumner and 
Gjessing (18) was used for the measurement of this enzyme. Two ml. of fresh 5 per 
cent pyrogallol, 2 ml. of 0.5 M phosphate buffer with a pH of 6.0, 15 ml. of water, 
and 1 ml. of 1 per cent H,O, were placed in a 125 ml. Erlenmeyer flask. The flask 
was placed in a 20° C water bath and allowed to reach equilibrium. One ml. of 
enzyme solution was added and after 5 minutes the reaction was stopped by the 
addition of 1 ml. of 2 N H,SO,. The purpurogallin formed was extracted in a 
separatory funnel with 3 or 4 portions of ethyl ether. The ether extract was filtered 
through coarse filter paper into a graduated cylinder and brought to a volume of 
50 ml. This was read in a Klett-Summerson colorimeter (blue filter) and the amount 
of purpurogallin determined from a standard curve. The colorimeter readings were 
always taken within 10 to 15 minutes after the extraction was begun. Results of the 
peroxidase determinations are reported as the total amount of purpurogallin for a 
given fraction, which is the product of the enzyme activity per gram of protein and 
the total amount of protein present in the fraction. 

Determination of tyrosinase. — The method of Goddard and Holden (7) was 
followed where 1 ml. of enzyme preparation, 1.6 ml. of 0.1 M phosphate buffer of 
pH 6.8, and 0.1 ml. of hydroquinone (3.0 mg.) were placed in the main compartment 
of the Warburg vessels, with 0.1 ml. of catechol (0.1 mg.) in the sidearm, and 
0.2 ml. of 2 N NaOH in the centerwell. The flasks were equilibrated at 30° C for 
10 minutes and the catechol tipped in from the sidearm. Readings were made at 
10 minute intervals and the values given are the amounts of oxygen consumed in 
60 minutes. This was converted to the total enzyme activity per fraction, i.e. the 
product of the Qo, and the total amount of protein present in the fraction. 

Determination of ATPase (adenosinetriphosphatase). — The method of Krishnan 
(9) was used which consisted of the following: 0.5 ml. of 0.1 M succinate buffer 
(pH 6.5), 0.2 ml. of CaCl, (1.0 mg.), 0.3 ml. of ATP (adenosinetriphosphate) con- 
taining 100 to 150 ug total phosphorus, and 1 ml. enzyme were incubated at 2° C 
for 15 minutes. Lee and Eiler (11) found that at a temperature below 7° C only the 
terminal phosphorus is hydrolyzed, therefore 2° C was chosen. The reaction was 
stopped on the addition of 1 ml. of 20 per cent trichloroacetic acid. The precipitated 
proteins were removed by centrifugation and the supernatant tested for phosphorus 
by a modification of a method given by Sumner (17). One ml. of the sample to be 
tested was pipetted into a 10 ml. graduated colorimeter tube, followed by 1 ml. of 
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6.6 per cent ammonium molybdate, and distilled water to a volume of 7 or 8 ml. 
One ml. of 7.5 N H,SO, was added followed by 0.8 ml. of ferrous sulfate solution 
(5 g. FeSO, : 7H,0 in 50 ml. water plus 1 ml. 7.5 N H,SO,). This was diluted to 
a final volume of 10 ml., mixed, and read in.a colorimeter (red filter). The results 
are expressed as the number of ug of phosphorus per gram of protein, which is 
converted to the total amount of enzyme activity in a given fraction, i.e. the product 
of the above quantity and the total amount of protein in a given fraction. 


A. Results with the filtration method of fractionation (Method 1). 


1. Catalase Results 


Practically all of the catalase that was recovered in the fractionation proce- 
dure was consistently found in the albumin fraction, therefore the values 
are not given for the other fractions. Since no catalase activity was ever 
found in the acid-soluble albumin fraction, it is probable that this enzyme 
was restricted to the acid-insoluble fraction, which was never assayed because 
of its insolubility. The presence of catalase in this fraction would be antici- 
pated since the isoelectric point of catalase is approximately the same pH at 
which the precipitation was carried out. The granules were free of catalase. 

Stored tubers of the 1950—51 season had a much higher catalase content 
in the spring and summer than new tubers in the fall of 1951—52 (Figures 
1 and 2). The catalase activity of the albumin fraction of the 1950—51 tubers 
always paralleled the activity of the homogenate. The homogenate from the 
tuber halves kept 10 days at 25° C was always considerably lower in catalase 
than the homogenate from the tuber halves kept continuously at 2° C. This 
difference increased due to the steady rise in catalase activity during storage 
at 2° C. During the 1951—52 season, the catalase activity of the homogenates 
of both continuous 2° C and of 10-day 25° C tuber halves showed a marked 
rise during the breaking of the rest period, and the former again consistently 
showed a higher activity, which agreed with the results of the previous 
season. In the albumins, contrary to the previous season, the catalase activity 
was the inverse of the homogenate. The decreased catalase activity at 25° C 
is even more pronounced in the homogenate from the tubers kept continu- 
ously at 25° C (Figure 2). Within a month, the catalase activity of the homo- 
genate dropped to one-half the initial value and remained at this minimum 
throughout the experiment. Though two different sets of tubers were used, 
the final December value of the 1951—52 homogenate at 2° C approached 
that of the first January value of the 1950—51 season (Figures 1 and 2). 


2, Peroxidase 


Homogenates of both continuous 2° C and 10-day 25° C samples displayed 
large fluctuations in peroxidase activity (Figure 3). The continuous 2° C 
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Figure 1. 1950—51. Figure 2. 1951—52. 
Dormant=continuous storage at 2° C. 1=homogenate. 
Active=10-day transfer from 2° C to 25° C. 2=albumins. 


Figures 1 and 2. Catalase activities (titration values) of protein fractions. 


tubers had less activity than the 10-day 25° C tubers in both the albumin 
and acid-soluble albumin fractions. These differences were not found con- 
sistently in the homogenates. 

During the 1951—52 season the peroxidase activity of the acid-soluble 
albumin fraction of the continuous 2° C tubers remained very low while 
that in the 10-day 25° C tubers increased to more than twice the initial value 
after 3 to 4 months (Figure 4). This is much the same trend that was obtained 
during the 1950—51 season. The peroxidase activity of the continuous 25° C 
acid-soluble albumin fraction rose sharply, then after reaching a maximum, 
decreased to a value below that of the original. The globulin fraction of the 
continuous 2° C tubers showed a low peroxidase activity that remained con- 
stant throughout the rest period (Figure 5), while the 10-day 25° C globulin 
fraction showed an enhanced enzyme activity. 

The homogenate, crude, and granuleless fractions showed no general trends 
and the peroxidase activity of the granules was always very low. These 
values are, therefore, not given. The peroxidase activity of the albumin 
fractions of the continuous 2° C and the continuous 25° C tubers followed 
almost precisely the same pattern (Figures 5 and 6). 

The peroxidase activity of the albumin and globulin fractions approximate 
the activity of the granuleless fraction from which they were derived. There 
was always the possibility of enzyme loss in the globulin fraction since it 
was filtered through celite, and the amount of enzyme lost by incomplete 
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o=globulins. 


Figures 3, 4, 5, 6. Peroxidase activities (amount of purpurogallin formed) 
of protein fractions. 


elution might have been fairly large. Because of its insolubility, the acid- 
insoluble fraction was not tested for peroxidase, but undoubtedly it con- 
tained most of the enzyme present in the albumin fraction, since the greater 
part was never recovered in the acid-soluble fraction. 
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Figure 9. Continuous storage at 25° C. 


Figures 7, 8, 9. Tyrosinase activities (Oz uptake/mm?/hr.) of protein fractions. 1951—52. 
1=homogenate, 2=albumins, 3=globulins, 4=acid-soluble albumins. 


3. Tyrosinase 


Only preliminary studies on this enzyme were made during the 1950—51 
season and, therefore, the data will not be given, but the results strongly 
indicated several points. The homogenates of the continuous 2° C tuber 
halves in all cases had a somewhat higher enzyme activity than the homog- 
enates from 10-day 25° C tuber halves. The acid-soluble fraction, on the 
contrary, showed a higher tyrosinase activity in the 10-day 25° C tubers 
than in the continuous 2° © tubers. These two relationships were verified 
with tests made on the 1951—52 crop of tubers. The notable observation 
about the new 1951 tubers was that during the first 15 days of storage, the 
homogenate declined extremely fast in tyrosinase activity reaching a value 
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less than 50 per cent of the initial activity. This decrease during the first 
15 days was observed in both continuous 2° C and 10-day 25° C treatments 
(Figures 7 and 8), and to a lesser extent in the continuous 25° C treatment 
(Figure 9). 

The albumin and globulin fractions of the 2° C and thé 10-day 25° C 
samples show an interesting relationship with one another. Figures 7 and 8 
show these two fractions to be mirror images of one another, and the total 
enzyme distributed within these two fractions remained almost constant. 
In the continuous 25° C treatment, the homogenate decreased steadily in 
activity after the beginning of the storage period (Figure 9), and although 
the decrease was not as sharp as that observed for the other two treatments, it 
continued for a longer period and finally reached a very low value. The 
albumin fraction also showed a continuous decrease in tyrosinase activity. 


The total activity of the albumin and globulin fractions did not equal the 
amount found in the granuleless fraction. These losses could be due to 
inactivation of the enzyme on dialysis or to losses in recovery of the enzyme 
from the celite used in preparing the globulin fraction. 


B. Results with the differential centrifugation method of fractionation 
(Method 2). 


It was anticipated that this method of fractionation would yield more 
quantitative information about the distribution of the enzymes concerned 
since the fractionation could be completed within 13 hours after the initial 
extraction, thereby reducing inactivation losses. Also it was possible to 
assay all the fractions obtained and from this a »balance sheet» could be 
prepared, making a complete account of the recovery possible. With the 
centrifuge, a cleaner separation of fractions was accomplished. Duplicate 
sets of each sample were run and the averages as well as the original values 
are given in the tables. 


1. Distribution in the fractions 


Catalase was recovered almost exclusively in the acid-insoluble fraction 
(activities in other fractions are therefore not given), although this recovery 
only accounted for 10 to 20 per cent of the activity found in the homogenate 
(Tables 1 and 4). This agrees with the results obtained with the filtration 
fractionation, since the catalase was suspected of being in the acid-insoluble 
albumin fraction. 


Peroxidase and ATPase were distributed widely in the acid-soluble, 
globulin, and albumin fractions (Tables 4, 5, and 6), while tyrosinase was 
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Table 1. Enzyme Activity of the Homogenate Expressed per 100 grams of dry potato 
powder (fractionation method 2). 


RE ER 


Tyrosinase Peroxidase AT Pase Catalase 
Month 4 
cont. 10 day cont. 2° C 10 day cont. | 10 day cont. | 10 day 
2G 25 © E DIE Be 25° C PP AG: 2 (C 
ee Ne sl le MC let ee 
Feb. I 531 515 2.49 2.52 211 255 324 203 
II 480 450 2.64 2.46 191 207 361 243 
av. 506 483 2.57 2.49 201 231 343 223 
Mar. I 499 190 2.23 1.33 332 268 398 168 
Il 350 | 172 1.93 1.07 270 122 407 140 
ay. 425 181 2.08 1.20 301 195 403 154 
Apr. I 512 432 3.41 4.05 184 151 592 288 
II 511 483 3.18 3.78 163 187 503 253 
av. 512 458 3.30 3.92 174, 169 548 271 
May I 552 518 3.48 3.59 174 167 548 189 
Il 555 505 3.27 3.56 123 145 574 237 
| av 554 512 3.38 3.58 149 156 561 213 


recovered primarily in the globulin and albumin fractions. With fractiona- 
tion method 1, tyrosinase was recovered primarily in the albumin fraction. 


2. ATPase and Peroxidase 


No consistent differences in activities were noted in homogenates or in 
any of the fractions. The peroxidase pattern of the albumin fraction (Table 6) 
appears to follow the trend obtained with fractionation method 1, with a 
higher activity in the fraction from the 10-day 25° C tubers, although the 
differences were not as marked as those previously found. The recovery of 
these enzymes in the various fractions was variable and was never very 
complete (Table 7). 


3. Catalase 


The homogenate showed results similar to those of the previous season 
obtained with fractionation method 1. Catalase was again much higher in 
the continuous 2° C tuber halves than in the homogenate from 10-day 25° C 
tuber halves (Table 1). There was also an increase in catalase in the cold 
storage tubers as the season progressed. The catalase activity of the acid- 
insoluble fraction closely followed the trend of the homogenate (Tables 1 
and 4), which was not in agreement with the result for the albumin fraction 
(Method 1) obtained earlier in the season. The total recovery of this enzyme 
was only 10 to 20 per cent, which could be explained by either inactivation 
with time (which is considerable in crude preparations such as these), or by 
losses incurred during precipitation. 
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Table 2. Enzyme Activity of the Mitochondria Expressed per 100 grams of dry potato 
powder (fractionation method 2). 


oo 


4. Tyrosinase 


Tyrosinase Peroxidase AT Pase 
Month = = 
cont. 2° C |10 day 25° C | cont. 2° C |10 day 25° C | cont. 2° C |10 day 25° C 

Feb. I 15.8 28.4 0.03 0.03 2.5 = 
Il 16.5 26.9 0.03 0.03 0.5 2.8 

av. 16.2 27.7 0.03 0.03 1.5 2.8 
Mar. I 4.5 2.6 = = 2.4 0.3 
Il 3.8 7.0 0.01 0.01 1.0 0.5 

av. 4.2 4.8 0.01 0.01 1.7 0.4 
Apr. I 20.6 43.4 0.04 0.05 2.2 1.9 
Il 19.2 18.5 0.04 0.02 1.0 1.0 

av. 19.9 31.0 0.04 0.04 1.6 1.5 
May I | 14.4 26.5 0.03 0.04 0.3 0.6 
Il 8.7 | 25.2 0.02 0.04 0.6 0.9 

av. 116 | 25.9 0.03 0.04 0.5 0.8 


The activities of both the mitochondria and the microsomes of the 10-day 


25° tuber halves were higher than those of the continuous 2° C tuber halves 
(Tables 2 and 3). This is the opposite of the results with the homogenate. 


The slightly higher values for the tyrosinase activity of the acid-insoluble 
fraction in the continuous 2° C samples are probably not significant 


(Table 4), since most of the differences lie within the experimental error. 
The tyrosinase activity of the globulin fraction showed a higher activity in 


Table 3. Enzyme Activity of the Microsomes Expressed per 100 grams of dry potato powder 
(fractionation method 2). 


oF 


Tyrosinase Peroxidase AT Pase 
Month ee scent — u —— 
cont. 2° C |10 day 25° C | cont. 2° C | 10 day 25° C | cont. 2° C | 10 day 25°C, 
| | 
Feb. I | 31.0 49.8 0.06 0.14 2.5 1.6 
II 27.4 41.6 0.13 | 0.19 2.9 2.4 
av. 29.2 45.7 0.10 0.17 2.7 2.0 
Mar. I | 12.4 11.1 0.02 0.03 3.1 0.9 
Il | 15.6 11.2 0.04 0.05 2.8 21 
av. | 14.0 : 11.2 0.03 0.04 | 3.0 15 
Apr. I 24.0 ' 58.8 0.15 , 0.14 0.8 0.8 
II | 29.0 66.1 0.16 77015 0.5 2.6 
av. 26.5 62.5 0.16 | 0.15 0.7 à A 
Nay I 28.8 57.6 0.03 | 0.21 1.6 17 
II 32.4 56.0 0.04 0.26 2.0 1.8 
av. | 30.6 56.8 0.04 0.24 1.8 1.8 
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Table 4 Enzyme Activity of the Acid-Insoluble Protein Fraction Expressed per 100 grams 
of dry potato powder (fractionation method 2). 


a ee R E 
| Tyrosinase Peroxidase AT Pase Catalase 
Montl 
ER cont. | 10 day Laie 10 day cont. | 10 day cont. 10 day 
eG 25° C == 25° C 226 2540 2 C 25° C 
Feb. I 145.8 44.6 0.26 0.29 14.4 8.4 33.4 26.7 
IL 49.9 43.5 0.30 0.30 12.2 12.9 51.5 28.4 
| av. 47.9 44.1 0.28 0.30 13.3 10.7 42.5 27.6 
| Mar. I [35.5 .118.0 0.28 0.33 13.3 11.5 51.8 19.8 
II 9.5 16.2 0.21 0.21 8.7 7.0 53.3 19.1 
av. 22.5 17.1 0.25 0.27 11.0 9.3 52.6 19.5 
Apr. I 150.2 48.7 0.29 0.33 10.1 13.3 85.5 31.1 
il 65.0 54.3 0.34 0.32 15.7 11.5 90.5 42.2 
av. 57.6 51.5 0.32 0.33 12.9 12.4 88.0 36.7 
May I 161.6 54.4 0.31 0.25 12.6 10.3 91.1 16.3 
2.3 57.6 0.35 0.28 16.3 8.5 105.7 26.3 
| av. 62.0 56.0 0.33 0.27 14.5 9.4 98.4 21.3 


the continuous 2° C tubers (Table 5), as in the homogenate. Tyrosinase shows 
no consistent trend in the albumin fraction (Table 6). 

It was noted from the use of fractionation method 1 that the crude protein 
often showed a higher tyrosinase activity than the homogenate. From Table 8 
it can be seen that with fractionation method 2, the total tyrosinase in the 
fractions was greater than that found in the homogenate in the April and 
May samples. This suggested that an inhibitor was present in the homogenate 
which was eliminated during further fractionation. This inhibitor could be 


Table 5. Enzyme Activity of the Globulin Fraction Expressed per 100 grams of dry potato 
powder (fractionation method 2). 


Tyrosinase Peroxidase AT Pase 
Month 
cont. 2° C |10 day 25° C | cont. 2° C |10 day 25° C | cont. 2° C |10 day 25° C 
Feb. I 124 100 0.29 0.21 25.3 33.3 
Il 166 116 0.53 0.36 31.6 28.6 
av. 145 108 0.41 0.29 28.5 31.0 
Mar. I 156 65 0.68 0.44 44.8 36.4 
II 174 76 0.57 0.41 38.3 37.5 
av. 165 71 0.63 0.43 41.6 37.0 
Apr. I 196 171 0.42 0.54 31.2 24.6 | 
II 209 179 0.48 0.63 37.1 377 | 
av. 203 175 0.45 0.59 34.2 31200 
May I 184 149 0.80 0.45 38.8 32.5 | 
II 184 116 0.75 0.38 18.6 20.8 
av. 184 133 0.78 0.42 28.7 26.7 
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Table 6. Enzyme Activity of the Albumin Fraction Expressed per 100 grams of dry potato 
powder (fractionation method 2). 


Er À 


Tyrosinase Peroxidase AT Pase 
Month = 

cont. 2° C |10 day 25° C | cont. 2° C |10 day 25° C| cont. 2° C |10 day 25° C 
Feb. I 216 208 0.49 0.55 73.0 63.1 
II 222 194 0.59 0.86 61.5 60.2 

av. 219 201 0.54 0.71 67.3 61.7 
Mar. I 193 59 0.49 0.49 83.9 79.3 
II 153 75 0.46 0.42 66.9 74.6 

av. 173 67 0.48 0.46 75.4 77.0 
Apr. I 249 322 0.84 1.04 95.4 66.6 
II 324 304 0.85 1.10 95.0 110.0 

av. 287 313 0.85 1.07 95.2 88.8 
May I 370 463 0.78 0.67 99.1 93.3 
II 374 424 0.75 1.00 80.3 81.6 

av. 372 444 0.77 0.84 89.7 87.5 


a quinone product formed by the enzyme itself, since several hours were 
allowed to elapse before assaying for the enzyme. For some time it had been 
noted during the preparation of homogenates that the 10-day 25° C homog- 
enates always developed a reddish-brown color much faster than the con- 
tinuous 2° C homogenates. However, usually the tests showed that the 
tyrosinase activity was higher in the continuous 2° C homogenates. There is 
a possibility that some quinones are associated with the mitochondria, since 
the 10-day 25° C mitochondria were usually more intensely colored than the 
same granules from continuous 2° C tuber halves, although this might 


Table 7. Enzyme Content of the Protein Fractions Expressed as percentage of the Activity 
of the Homogenate (fractionation method 2). 


Tyrosinase Peroxidase AT Pase 
Month 4 
cont. 2° C |10 day 25° C | cont. 2° C |10 day 25° C | cont. 2° C |10 day 25° C 

Feb. I 81.5 83.7 45.5 48.4 55.8 41.8 
Il 100.4 93.9 59.9 70.8 57.0 51.7 

av. 91.0 88.8 52.7 59.6 56.4 46.8 
Mar. I 80.5 81.9 66.0 97.0 44.4 47.9 
II 101.7 107.8 67.3 102.8 43.6 99.6 

av. 91.1 94.9 66.7 999 44.0 73.8 
Apr. I 105.5 149.1 51.0 51.9 75.9 71.1 
II 126.5 128.9 58.8 58.8 91.5 87.0 

ay. 116.0 139.0 54.9 55.4 83.7 79.1 
May I 119.4 144.9 56.2 45.1 81.4 83.0 
II 119.0 134.5 58.3 55.1 94.7 78.3 

av. 119.2 139.4 57.3 50.1 88.1 80.7 
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Table 8. A comparison of the tyrosinase values obtained in the homogenate and the total 
tyrosinase present in the five fractions (fractionation method 2). Each value represents the 
average obtained from two experiments. 
EE ee eee eee 


. o ° 
Month Continuous 2° C 10 day 25° C 
Homogenate | Total of 5 fractions | Homogenate | Total of 5 fractions 
FeDPUALY ER... ceca 506 | 457 483 427 
March sist er. ete 425 380 181 171 
ADT rannte hegeechz 512 593 458 628 
Maya net 554 660 512 715 


merely be an adsorption on the granules during centrifugation. From Table 8 
it can be seen that the recovery of tyrosinase was usually quite high, 
indicating that this enzyme was damaged less by the fractionation procedures 
than the other enzymes tested. 


Discussion 


One of the limitations to this study has been that imposed by the nature 
of the protein fractionation scheme, especially the filtration fractionation 
method. Some of the proteins were undoubtedly contaminated by other frac- 
tions to different extent depending upon the exact technique employed. Due 
to the fact that the fractions were usually separated by filtration, there were 
considerable losses of protein during this process making it difficult to pre- 
pare a »balance sheet» with which the distribution of enzyme would be 
evident. There is some evidence to indicate that impure fractions result 
when the separation depends on a precipitation involving a certain ionic 
concentration. If the amount of ion varied, the amount of protein preci- 
pitated would also vary. Another limitation to studies involving enzyme 
assay of only single protein fractions is that in some cases, two individual 
fractions may show little or no activity separately, but when combined give 
an appreciable activity (16). Such a phenomenon could be due to several 
causes, e.g. the presence of an inhibitor or the absence of co-factors. 

Since both spectrographic analyses of the iron and copper content (13) 
and enzyme assays were carried out on identical protein fractions in the 
spring of 1951, it is possible to calculate how much of the metal present in a 
given fraction can be accounted for by metal contained in the enzyme mole- 
cule. For purposes of calculation, the following published results for crystal- 
line or highly purified enzymes were used: 

(1) Peroxidase. According to Theorell (19) crystalline horse-radish peroxidase 


formed 900 mg. of purpurogallin per mg. of enzyme in 5 minutes at 
20° C. This preparation contained 0.0127 per cent iron. 
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Table 9. Enzyme-bound metal in tuber homogenates and enzyme-bound metal as per cent 
of the total protein-bound metal. Continuous 2° C tubers compared with 10-day 25° C tubers. 


Treat- Peroxidase Catalase Tyrosinase 

JE ment |j-on content| 0/0 of total | Iron content | 00 of total [Copper content 0/0 of total 

Cc ug/g protein| protein Fe|g/g protein | protein Fe ug/g protein | protein Cu 
s 2 is de 0.090 0.026 = Le 
11/51} 25 be ir 0.065 0.018 2 = 

2 1.55 0.40 0.167 0.028 = — | 

2/1/51 25 2.50 0.66 0.063 0.017 = = 
: 2 1.26 0.34 0.098 0.026 16.6 68.9 
3/1/511| 25 1.53 0.32 0.070 0.015 10.6 48.0 
Liles 2.54 0.50 0.113 0.022 3 Le 
4/1/51 25 2.14 0.47 0.080 0.017 = Æ 
10 1.47 0.38 0.116 0.030 - — 

FOR 25 2.09 0.44 0.069 0.015 © N 
: 2 1.70 0.36 0.106 0.022 = = 
Es 55 1.65 0.25 0.043 0.007 = = 
Se ane 1.58 0.31 0.147 0.029 7.0 14.8 
/1 25 1.74 0.47 0.063 0.017 3.5 14.0 


(2) Catalase. Agner’s (1) crystalline beef liver catalase gave a Kat. f. value 
of 50,000 and contained 0.09 per cent iron. 

(3) Tyrosinase. With a highly purified preparation of potato tyrosinase, 
Kubowitz (10) obtained a Qo, of 30,000 and found a copper content of 
0.20 per cent. 


Table 9 shows the results obtained by using the above information for 
peroxidase and catalase. It can be seen that the amount of iron accounted 
for by the molecules of peroxidase and catalase was quite small, especially 
in the case of the latter. Some of the protein-bound iron could be accounted 
for in some of the cytochromes, but this would still account for only a small 
part of the iron found in the analyses. There are several possibilities that 
could explain the discrepancies between the amount of protein-bound iron 
found in a given fraction and that accounted for as enzyme iron: 


(1) There may be other iron-containing enzymes in the fractions besides 
peroxidase and catalase; 

(2) there could be iron contained in protein combinations of pro-catalase 
or pro-peroxidase or enzymes only incompletely formed; or simply iron 
bound to the protein which would necessarily have to be rather strongly 
adsorbed in order to withstand the dialysis that was used; 

(3) much enzyme might have been inactivated during extraction or subse- 
quent fractionation, or some inhibitors could have been present; 
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(4) the catalase iron may be unnecessarily low because the values used were 
those found for beef liver catalase, and it is probable that potato catalase 
differs from it, as was indicated in plant catalase investigated by 
Galston (6). 


Some information was obtained with regard to the amount of protein- 
bound copper in the homogenate that was accounted for by copper in the 
tyrosinase molecule and the results are also given in Table 9. A much larger 
proportion of the homogenate protein-bound copper can be accounted for by 
this enzyme than with the protein-bound iron and the iron-containing 
enzymes. 

With regard to the enzyme studies made on dormant and active tubers, 
the results obtained for catalase are in disagreement with those of some 
authors and in agreement with those of others. Figures 1 and 2 show a 
marked rise in catalase activity of homogenates of tubers stored continuously 
at 2° C, while homogenates of tubers stored continuously at 25° C showed 
an initial decrease followed by a slight rise which gave a plateau value less 
than the initial value. These results confirm those of Kassparova and Glazu- 
nov (8) and Miller (14) who found a progressive increase in catalase during 
tuber storage at 2° C. Appleman (2), however, found a decrease with storage 
at 0° C and a slight increase at 20° to 25° C. The present results are not in 
accord with the results of Appleman, but do agree with the decrease in 
activity during storage at 20° C found by Emilsson (4). Emilsson also obtained 
a decrease in catalase with storage at 5° C which was not substantiated in 
the present study. 

The marked rise in catalase of tubers stored in the cold indicates a vigorous 
synthesis of the enzyme at lower temperatures. Since there was a decrease 
in catalase of tubers kept at 25° C, which sprouted sooner than those treated 
continuously in the cold and removed to 25° C for 10 days, the increase in 
catalase of the 2° C tubers may actually be detrimental to the sprouting of 
these tubers. This may mean that when new potato tubers are placed in cold 
storage, they actually progress into a deeper rest period. This might explain 
the conflicting results obtained by various authors. Perhaps the catalase is 
formed as a response to a growth inhibitor since the amount of catalase 
formed in the 2° C tubers is approximately proportional to the stage of the 
rest period. The results with fractionation method 2 indicate that catalase 
is synthesized in the acid-insoluble fraction (Table 4) since the activity of 
this fraction parallels that of the homogenate. 

It is difficult to determine whether any of the changes in peroxidase activity 
bear any relationship to the rest period. Kassparova and Glazunov (8) 
obtained an increase in peroxidase activity during tuber storage at 2 6 


13 
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which was not verified by these experiments. The only consistent result was 
that tubers stored continuously at 2° C always showed a lower peroxidase 
activity in the acid-soluble albumin fraction than in the same fraction from 
10-day 25° C tubers (Figures 3 and 4), the activity of the latter usually being 
at least twice that of the former. This result indicates that distinct differences 
in certain fractions may not be reflected in the homogenates of the tubers 
(compare Figures 4 and 5). 

The tyrosinase activity showed a marked initial decrease in all the treat- 
ments with the largest ultimate decrease occurring in the homogenates of 
continuous 25° C tubers. The albumin and globulin fractions showed an 
interesting relationship with one another, since in all cases one fraction was 
the inverse of the other. The sum of these two fractions gave approximately 
the activity of the homogenate when fractionation method 1 was used (see 
Figures 7, 8, and 9). This probably means a shift of enzyme from one 
protein to another. The rapid decrease in tyrosinase after harvest of the 
potato tuber and the fact that it decreased to a minimum before sprouting 
occurred suggest that while the larger portion of cellular oxidation is taking 
place through the tyrosinase system, the tuber is unable to produce enough 
excess energy from oxidation to induce sprouting. However, when the 
tyrosinase activity has declined, cellular oxidation then may function pri- 
marily through the cytochrome system producing the necessary energy to 
initiate sprouting. 

As has already been indicated, an inhibitor of tyrosinase is probably 
present in the homogenate and therefore does not exhibit any effect on the 
other fractions. This inhibitor could either be a product of the tyrosinase 
reaction, since some quinones formed are known to inhibit this enzyme, or it 
could be already present in the intact cell. Another possible explanation of the 
increased inhibitor as the season progressed, is a requirement of more sub- 
strate; or integration of the enzyme into a system where more substrate is 
available, which would be somewhat analogous to the integration of the 
cytochrome system on the mitochondria. 

It is evident from these experiments that while all the changes found 
during the transformation from resting to actively growing tubers may not 
be causally related to dormancy, they do indicate that the process is a com- 
plex one where several systems are interacting to produce the observed 
phenomena. 


Summary 


1. Potato tubers were obtained soon after harvest and were stored at tem- 
peratures of 2° and 25° C. Each month tubers of the 2° C lot were sub- 
jected to a temperature of 25° C for 10 days. Tubers from all three treat- 
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ments were subjected to protein extraction and fractionation either by a 
filtration technique or by differential centrifugation. These fractions were 
assayed for the enzymes catalase, peroxidase, tyrosinase, and ATPase. 

2. Iron and copper analyses were made simultaneously with some of the 
enzyme analyses, and the amount of protein-bound metal accounted for 
by enzyme could be determined. Only a small part of the total protein- 
bound iron could be accounted for by the enzymes catalase and peroxi- 
dase. However, a large part of the total protein-bound copper could be 
accounted for by the enzyme tyrosinase. 

3. There was a marked increase in catalase activity of homogenates of tubers 
stored at 2° C and a decrease in activity of homogenates of tubers stored 
at 25° C. There was a decrease in catalase activity when tubers stored 
continuously at 2° C were removed to 25° C. 

4. Tubers stored continuously at 2° C always showed a lower peroxidase 
activity in the acid-soluble albumin fraction than after transfer to 25° C 
for 10 days, whether fractionation method 1 or 2 was used. These changes 
in this fraction were not found in the respective homogenates, indicating 
that measurement of only the latter may not disclose changes taking place 
in the various fractions. The peroxidase activities of the globulin and 
albumin fractions showed marked changes, while the sum of the activities 
of the two was constant. This indicated a shift of enzyme from one 
protein fraction to another. 

4. None of the enzymes tested were confined to either the mitochondria or 
microsomes. All were largely distributed among the fractions not preci- 
pitated by a centrifugal force of 43,000 Xg. 

5. There was a marked decrease in tyrosinase activity with tuber storage 
at either 2° C or 25° C, with the larger decline in the latter. This enzyme 
was the only one tested that showed a direct relationship with the dor- 
mant period at both temperatures. The hypothesis is suggested that during 
the rest period, respiration occurs primarily through the tyrosinase system 
and during growth, primarily through the cytochrome oxidase system. 
Evidence is presented of a tyrosinase inhibitor in the homogenate but not in 
the protein fractions. Because of it, some fractions of tubers at +25° C 
showed greater activities than the same fractions at +2° C, though the 
parent homogenates showed the reverse. 


This publication represents part of a dissertation in Botany presented to the Graduate 
School of the University of Missouri in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy. 

The author wishes to express his gratitude to Professor J. Levitt for his advice and 
guidance throughout the course of this investigation. 

The above investigation was performed under a contract between the U. S. Office of 
Naval Research and the University of Missouri (contract N9 onr 91,300). 


186 


EIRE 


GLENN W. TODD 


References 


Agner, K.: Erythrocyte catalase. — Arkiv Kemi Mineral. Geol. 17 B No. 9. 1943. 

Appleman, C. O.: Some Observations on Catalase. — Bot. Gaz. 50: 182. 1910. 

Crocker, W.: Growth of Plants. — New York, Reinhold. 1948. 

Emilsson, B.: Studies on the rest period and dormant period in the potato tuber. — 
Acta Agric. Suecana 3: 189. 1949. 

von Euler, H. & Josephson, K.: Uber Katalase. I. — Ann. der Chem. 452: 158. 1927. 

Galston, A. W., Bonnichsen, R. K. & Arnon, D. I.: The preparation of highly purified 
spinach leaf catalase. — Acta Chem. Scand. 5: 781. 1951. 

Goddard, D. R. & Holden, C.: Cytochrome oxidase in the potato. — Arch. Biochem.. 
27: 41. 1950. 

Kassparova, S. A. & Glazunov, I. V.: Variation of biochemical processes in resting 
potato tubers grown in the Arctic. — Dokl. Acad. Sci. URSS 31: 679. 1941. 

Krishnan, P. S.: Studies on Apyrase. I. Purification potato apyrase by fractional preci- 
pitation with ammonium sulfate. Arch. Biochem. 20: 261. 1949. 

Kubowitz, F.: Uber die chemische Zusammensetzung der Kartoffeloxydase. — Biochem. 
Z2292:221°4937- 


. Lee, K. & Eiler, J. J.: Temperature-dependent characteristics of an adenylpyrophos- 


phatase preparation from potatoes. — Science 114: 393. 1951. 


. Levitt, J.: The isolation and preliminary fractionation of proteins from dormant and 


growing potato tubers. — Plant Physiol. 26: 59. 1951. 
— &G. W. Todd: Metal-protein complexes in the potato. — Physiol. Plant. 5: 419. 
1952. 

Miller, L. P.: Effect of sulfur compounds in breaking the dormancy of potato tubers 
and on the enzyme activity of the treated tubers. — Contr. Boyce Thompson 
Inst. 5:29. 1933. 

Sachs, J.: Vorlesungen über Pflanzenphysiologie. — Engelmann, Leipzig. 1887. 

Schneider, W. C.: Methods for the isolation of particulate components of the cell. — 
In Umbreit, Burris, and Stauffer: Manometric Techniques and Tissue Metabolism. 
Minneapolis, Minn. Burgess. 1949. 

Sumner, J. B.: A method for the determination of phosphorus. — Science 100: 413. 1944. 

— & Gjessing, E. C.: A method for the determination of peroxidase activity. — 
Arch. Biochem. 2: 291. 1943. 

Theorell, H.: Molecular weight of crystalline horseradish peroxidase. — Arkiv Kemi 

Mineral. Geol. B 15 24: 1. 1943. 


PHYSIOLOGIA PLANTARUM, VOL. 6. 1953 


Investigations of the Water Exchange of Potato Tissue 
under the Effect of 6-Aminoundecane and 
Di-n-Amylacetic Acid 


By 
MÜRÜVVET HASMAN 


Department of General Botany, University of Istanbul 
(Received November 11, 1952) 


Introduction 


During my work in the Botanical Laboratory of Lund University I started 
investigating the physiological action of 6-aminoundecane-HCl (6-A.U.). This 
synthetic compound is a »growth regulator» with a branched lipophilic chain 
containing an amino group in the centre of the molecule. 

In a previous publication (Hasman and Burstrôm, 1950) the effect of this 
substance on growth, water balance, and water-permeability was studied 
using wheat seedlings as an experimental object. 

Because of the shortness of the available time, it was, then, not possible to 
apply adequate cellular physiological methods necessary to carry the analysis 
of the effect further. Therefore, on my return to Istanbul I resumed the 
investigation now using a technique which has proved suitable for similar 
purposes in this laboratory (cf. Brauner, 1940; Hasman, 1943). 

Reviewing the relevant literature (Bungenberg de Jong et al., 1938; Konings- 
berger, 1947; Veldstra, 1944 a and b; Burstrôm, 1949, 1950) I found it neces- 
sary to give particular value to an analysis of the primary action of the 
substances in question upon the factors controlling the water exchange of the 
cell. Accordingly, in the present research comparable determinations with 
6:A.U. and the K-salt of Di-n-Amylacetic acid (D-n-A.A.) were made of: 
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a) the water-uptake 
b) their effect on the pH of the medium 
c) their interaction with the respiratory system of the cell. 


For all these measurements potato tissue was chosen as test object. 

As it is seen from formula (1) and (2) the two compounds under investiga- 
tion are structurally very much alike: both consist of a branched lipophilic 
chain containing in its centre a substituent group, and it is only this group 
in which they differ: in the acid it is a carboxyl, while 6-A.U. contains in its 
place an amino group. 


(1) C;Hy,*CH(COOH) : CH; (2) GH; : CH (NH;) * C;Hy, 
Di-n-Amylacetic Acid 6-Aminoundecane 


In a second paper to be published shortly the effect of both substances 
upon the water-permeability and the suction potential of the tissue will be 
studied. 


Experimental Part 


“ Material and Method 


As it was mentioned in the introduction the parenchyma of potato tubers (Solanum 
tuberosum) was chosen as a suitable object for the present investigation; because, in 
comparison with other storage organs this material is more homogeneous in struc- 
ture and it contains a much smaller volume of intercellular spaces (Boswell and 
Whiting, 1940). 

. Applying the technique used in our laboratory for similar purposes all determina- 
tions of the water exchange were carried out gravimetrically. 


Preparation of the Material 


Using a cork-borer of 8 mm. diameter, cylinders of several cm. length were 
punched out from the tubers in an axial direction. Then these cylinders were sec- 
tioned to discs of 5 mm. thickness with a Gillette blade, using a brass-pattern of 
8 mm. bore and 5 mm. height. The material thus prepared was well mixed and in 
order to clean the cut surfaces it was well washed under running tap water for 
5 min. and finally rinsed several times with dist. water. Then, the pieces were 
blotted carefully with soft filter paper. Considering Ashby’s (1947) and Reinder’s 
(1938) criticism in this procedure special care was taken that the pressure applied 
was as light and uniform as possible. 

After this pre-treatment the samples were divided into 3 equal lots (30 pieces per 
gradation) and weighed in closed weighing glasses upon an analytical balance to 
full milligrammes. Hereafter the material was transferred to the experimental 
solutions. 
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The Experimental Arrangement 


Two 250 ml. Erlenmeyer flasks of »Jenaer Gräteglas» containing 150 ml. equi- 
molar solution of 6-A.U. and D-n-A.A. respectively, of the concentrations to be tested 
were placed in an electric thermostat, adjusted to 25.0° C; a third bottle containing 
the same amount of the pure solvent served as a standard of comparison in each 
set. Into each bottle a capillary glass tube was inserted through which a continuous 
air stream was bubbled (cf. Brauner et al., 1940; Hasman, 1943). 


The weighed samples were then filled into the bottles and remained there for 
a definite period (from 3 to 48 hrs.) according to the experimental purpose. If the 
experiment lasted longer than 24 hrs. the solutions were renewed daily. At the end 
of fixed time the pieces were removed from the bottles, carefully blotted and weighed 
again as described before. The differences between fresh and final weight were cal- 
culated as water-uptake in percentage of the original fresh weight. Whenever neces- 
sary the pH of the media was determined electrometrically using a glass electrode. 


Criticism of the Gravimetric Method 


In several earlier publications (Baptiste, 1935; Brauner et al., 1940; Has- 
man, 1943, 1949; Ashby & Wolf, 1947) the limitations of the gravimetric 
immersion method have been discussed quite extensively; however, it may 
be useful to recapitulate once more some essential points in connection with 
the present research. 

Ashby and Wolf (1947) gave particular attention to the error caused by 
the presence of the intercellular system in the experimental tissue. They 
pointed out that a partial injection of intercellular spaces with the liquid of 
the ambient medium is bound to impair any gravimetric determination of the 
true value of the osmotic absorption. 

However, if Solanum tuberosum is chosen as experimental object, this 
source of error can be discarded as the free volume of the intercellularies in 
this material is very small, and it is furthermore reduced during the pre- 
treatment when part of the available space has already been filled with water. 


A second objection concerns the application of pressure during blotting by 
which an unknown part of the infiltrating liquid may be driven out. In order 
to keep this factor at least constant the use of rollers of definite weight had 
been recommended by some authors. However, after several careful tests 
I found that with thicker discs (5 mm. instead of 1 mm. or less) this method 
yielded no advantage over blotting by hand, the mean error of the results 
being rather less in the latter case. 

Finally, changes in the hydration degree of the cell wall should also be 
considered in assessing the exact value of the osmotic water exchange. But, 
since the walls were practically saturated already during the pre-treatment, 
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the interference of this factor could not have played any important rôle in 
the results obtained, the more so as only very dilute solutions were used 
throughout this research. 


Results 


A. Water-uptake in 6-aminoundecane and in Di-n-amylacetic acid 


As it was mentioned in the introduction the first part of the present 
research will deal with the effect of 6-A.U. and D-n-A.A. on the water-uptake. 
Accordingly,. comparable determinations were made of with these two com- 
pounds in various concentrations. The values obtained were calculated as 
percentages of the respective water-controls. 

In order to compensate for the seasonal variability of the material, parallel 
tissue samples and different concentrations were tested in regular alternation. 


6-A.U.-series: 


At first the effect of 6-A.U. shall be discussed; because, some facts about 
the metabolic activity of this substance are already known from my previous 
study (Hasman and Burstrôm, 1950). 

The results of the series are tabulated in full below, and Figure 1 repre- 
sents the most characteristic reactions graphically. 

As it is seen from table 1, the effect differs within the concentration series: 
in the lowest concentration (10—% M) the water-uptake is less than in the 
control-series, and in the concentration 10-8 M the same feature is even more 
pronounced. 

In 10-° M (Figure 1) the graph again begins with a slight decline, but 
after 24 hrs. it changes its direction bending upward and then following a 
more or less linear course, indicating a gradual enhancement of the water- 
uptake above that in the control. 

In higher concentrations, however, a new phenomenon appears: while up 
to 24 hrs. the curves still show the trend hitherto observed, during the 
second day they slope down rather suddenly, indicating a drastically in- 
creasing deficit in the water-uptake. 

Summing up the results obtained with 6-A.U. we can conclude: the initial 
water-uptake seems to be slightly reduced by all concentrations tested. After 
the first 24 hours, however, a definite recovery takes place in the more 
dilute gradations (up to 10~° M), whereas in the highest concentrations 
(2.5 X10-°—5 X10-° M) just the opposite happens: here the water absorp- 
tion soon stops altogether giving way to an actual loss in weight. This 
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50 


Figure 1. The Effect of 6-A.U. on the 
Water-uptake »U» of Potato Tissue. 
Abscissa: time in hours. 


25 


U 
Ordinate: Q=100x —$-A-U: 


H20 
1: 10—5 M 0 
2: 2.5x10-5 M 
3: 4.38X10—5 M 
4: 5X10—5 M -20 


behaviour indicates a breakdown of the tissue which eventually becomes 
obvious by its whitish and flabby appearance. 

Before examining the possible causes of these phenomena, it will be useful 
first to compare the results obtained with D-n-A.A. As it was mentioned 


Table 1. Relative water-uptake »Q» in different concentrations of 6-A.U. 
6-A.U. 


QE Potato parenchyma, 5 min. rinsed in tap water. Size of the cylinders 
2 
8 mm. SxX5 mm. 30 pieces per gradation. T=25.0° C. Mean of 5 experiments. (13/11/1951— 
: 11/3/1952). 7 
| Exposure time 
| Conc. (M) = 
| 3 6 24 48 hrs 
| 10-8 98.76 98.66 98.04 98.57 
+ 1.04 + 1.01 
10—6 100.42 98.51 97.34 98.67 
+ 2.24 + 2.68 
10-5 100.94 99.78 100.10 102.23 
+ 3.07 + 3.10 
290%. 10-5 93.50 91.23 90.89 40.60 
2.23 + 5.21 
4.38 X 10-5 85.39 82.42 76.99 1.18 
+ 5.64 + 2.92 
| Du < 105 77.74 72.24 58.74 — 12.36 
+ 7.54 + 6.68 
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Figure 2. The Effect of D-n-A.A. on the 
Water-uptake »U» of Potato Tissue. 
Abscissa: time in hours. 


U 
Ordinate: Q=100x -D-n-A-A. 
H20 | 
(Scale: 6.7 times larger than in Figure 1.) 


1: 10-5M 

PI PRT SMO Te | 
3: 4.38X10—5 M 
4: 5X10—5 M 


6 24 hrs. 48 


before this acid resembles structurally very much 6-A.U., the amino group 
of the latter being replaced by COOH. 


D-n-A.A.-series: 


The aim of this series was to see whether the effect observed with 6-A.U. 
depends on the presence of the amino group in the molecule. 

As table 2 and its graphic representation (Figure 2) show, the influence 
of D-n-A.A. on the water-uptake of potato tissue is quite different from the 
action of 6-A.U. 

In the lowest concentration (10~* M) the Q-values are, as they were in 
6-A.U., below 100. But the divergence becomes evident as the concentration 
increases. In 10%, 10-° and 2.5 X10-° M all quotients have risen above 100, 
whereas corresponding gradations of 6-A.U. had increasingly reduced the 
water absorption. 

In the next higher concentration, 4.38 X10~° M, all values (except that of 
6 hrs.) again exceed the controls, though already less than in the previous 
gradation. 

The highest concentration (5X 10° M), however, lowers the water absorp- 
tion during the whole exposure time, the Q-curve thus repeating the shape 
of the 438X 10° M graph at a lower level. All Q-values now have sunk 
below the 100 °/o-level, except the last at 48 hrs. which still indicates a very 
slight gain. Thus from the concentration 10-5 M onwards the general shape 
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Table 2. Relative water-uptake »Q» in different concentrations of D-n-A.A. 


D-n-A.A. = 
Q=100x FI. All other conditions are as in table 1. (13/11/1951—11/3/1952). 


2 


ee —— 
Conc (M) Exposure time 

| 3 6 24 | 48 hrs. 
| 10-8 100.88 99.11 98.04 96.98 
+ 0.87 + 0.66 
| 10-6 105.15 100.95 101.762 p | 100.61 
| + 2.66 i + 1.96 
10-5 103.60 101.77 102.28 | 104.03 
| + 19200 | 159 
2.5 X 10-5 105.03 103.71 104.67 | 105.60 
ala + 1.90 
4.38 X 10-5 101.54 98.18 101.63 | 102.01 
317 | + 3.28 
5 X10-5 98.28 93.62 97.52 | 100.62 
Re | + 3.64 


of the curves does not differ much: in their initial part they all descend 
steeply to the 6 hrs.-point, subsequently, however, this loss is more or less 
made up again. Only in the two lowest concentrations (10% and 10° M) no 
final recovery was observed (cf. Table 2). 

The results of this series can be summarized as follows: 


a) In concentrations from 10° to 438X10-° M D-n-A.A. enhances the 
water-uptake of potato discs after an initial depression. 

b) In very low concentrations (10—#—10$ M) the initial fall of the Q-values 
fails to be compensated. 

c) In the highest concentration (5X 10° M) the tendency of the substance 
to reduce the water-uptake appears to be markedly increased. 


B. The influence of the tissue upon the pH of the ambient medium 


Before drawing any theoretical conclusion from the results hitherto 
obtained, it was thought necessary to study the effect of the tissue on the 
pH in both media used. For it could be expected that any influence of the 
applied substances upon the metabolism of the tissue, particularly upon its 
respiratory mechanism would soon be reflected as a change of acidity. 

The necessary determinations were carried out as follows: 

First the initial pH of the 6-A.U.- and D-n-A.A. concentrations to be tested 
was measured immediately after their preparation. Then 30 tissue discs were 
immersed in 150 ml. of the solutions. The containers were kept at 25.0° C 
and were well aerated as described in the previous chapter. After 24 hours 
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Table 3. Trend of pH in aerated 6-A.U. and D-n-A.A. solutions containing 30 cylinders in 
150 ml. All experimental conditions as in the previous series. (13/11/1951—11/3/1952). 


6-A.U.-series D-n-A.A.-series 
Conc. (M) 
Initial | After 24 hrs. | After 48 hrs.| Initial | After 24 hrs. | After 48 hrs. 

H,O 5.60 6.98 7.14 5.60 6.98 7.14 
10-8 5.39 6.94 7.11 5.65 6.88 7.19 

10-6 5.79 6.98 7.16 5.81 6.94 7.21 

10—5 5.83 6.69 7.16 5.81 6.92 7.26 

2.5 X 10—5 5.73 6.95 7.15 6.13 7.28 7.31 
4.38 X 10—5 5.84 6.84 7.34 6.10 7.13 7.34 
5 10-5 5.92 6.76 7.33 6.06 6.93 7.34 


the first readings were taken. Then the pieces were transferred into a newly 
prepared solution of the same concentration, and were left there for a second 
24 hrs.-period, at the end of which the last determinations were made. Thus 
these latter values referred to a medium for 24 hours in contact with 1—2 
day-old material. To complete this series at the same points of time the pH 
of the water controls also was measured. The results thus obtained are put 
together in Table 3. 

As the table above show in all three media, viz. H,O, 6-A.U., and D-n-A.A., 
a conspicuous alkalization appears during the experiment. In connection 
with our present problem it is of particular interest that this effect, known 
already in the case of pure water (Brauner et al., 1940), develops to about 
the same extent in both solutions also. This fact is the more remarkable as 
6-A.U. and D-n-A.A. were found to affect the water absorption of the tissue 
in an opposite way. Before discussing the bearing of this finding, we have to 
analyse the mechanism of pH-rises of the observed kind as such. The first 
phase of the reaction can be attributed to a merely physical cause: the con- 
tinuous aeration of the medium removes CO, originally dissolved in it and 
subsequently produced by respiration, and thus it shifts the pH towards the 
neutrality point. 

As was shown before (Brauner et al., 1940), this phenomenon can be 
easily demonstrated by a simple model experiment: 150 ml. dist. H,O was 
first saturated with CO,-gas, and then vigorously aerated. During this proce- 
dure, the original pH had risen during 8 hours from 4.0 to a constant value 
of 6.9. However, this result also reveals that the rise of pH above the neutrality 
point which was observed in the aerated solutions in the presence of living 
tissue, cannot be attributed to a simple removal of CO, from the medium. 
Thus it has to be assumed that the cause of this second, advanced, phase 
of alkalization must be metabolic in nature. A tentative explanation ofthis 
phenomenon had been suggested in one of our earlier papers (Brauner et al., 
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1940). In the presence of O, oxidative deamination of amino acids is likely 
to set free NH, : 


R : CH NH, -COOH—2H — R : C=NH : COOH 
R : C=NH : COOH+H,0 > R : COH : NH, -COOH> R : C=0O:COOH+NH,. 


Thus in the aqueous medium NH,OH is formed which, by hydrolytic dis- 
sociation, raises the OH-level above the neutrality point. 

If some such process is actually involved in the pH-reaction observed it 
follows, that the part of the oxidative metabolism which accounts for the 
deamination, remains unaffected by the presence of 6-A.U. as well as of 
D-n-A’A. Thus our original expectation that a retardation or stimulation of 
the aerobic water-uptake would be reflected in the trend of pH during the 
experiment seems to be disproved. 


C. Comparative experiments with iodoacetate 


The rather unexpected finding that 6-A.U. despite its strong inhibitory 
action on the water absorption did not interfere with the oxidative alkaliza- 
tion of the medium made it desirable to compare the effect of a typical 
respiration inhibitor on both phenomena. As such the potent dehydrogenase 
inhibitor potassium iodoacetate was chosen which according to Kelly (1947) 
and Hackett and Thimann (1950) drastically reduces the aerobic water 
absorption of various plant tissues. 

The concentration used was 10~-* M which in Kelly’s experiments had 
proved most effective. Otherwise the set up of the experiment was the same 
as in the previous series. Table 4 shows the results. 

As it is seen the Q-value of this experiment is in good agreement with 
Kelly’s and Hackett and Thimann’s findings, confirming the strong inhibi- 
tory effect of iodoacetate upon the water-uptake. On the other hand, the 
pH again was found to rise in both media: in the iodo acetate solution it 
did even more so than in water, although there is no doubt that the oxida- 
tive respiration was drastically reduced in the former medium. So this last 


Table 4. Relative water-uptake and pH changes in aerated HzO and in 10—* M aerated 
iodo-acetate solution. All experimental conditions as in the previous series. Exposure time 
24 hrs. Mean of 10 experiments. (24-—29/4/1952). 
ne EEE 


k pH-values 
Medium US ay 3 Q i 
in * Fresh | After 24 hrs. 
OT ke. 34.82 | 79.57 | 5.90 | 7.28 
fodoacetate ee. u. 25.40 + 5.24 5.90 7.48 
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result evidently supports our assumption that the particular component of 
the oxidative metabolism which is responsible for the alkalization of the 
medium is not affected by the inhibition of that part of respiration upon 
which the »meta-osmotic» water absorption depends. 


Discussion 


The main result of the present study is the finding that two synthetic 
»growth regulators» identical in structure except for their hydrophilic group, 
exert an inverse effect upon the water absorption of potato parenchyma. 
While the amino compound 6-A.U. definitely decreases the water uptake, 
D-n-A.A. in which NH, is substituted by a carboxyl group stimulates the 
absorption in a wide range of concentrations. Thus D-n-A.A. resembles in 
this respect indole acetic acid which may be more than a mere coincidence. 
It should be remembered that the two compounds, otherwise so different, 
have one structural peculiarity in common: both are of great interface- 
activity due to a lipophilic »attaching» system, and in both a very potent 
hydrophilic group, COOH, branches off from this basis. At least in this 
respect, then, D-n-A.A. can also be considered a growth regulator (cf. Veld- 
stra and Booij, 1949). 

Finally we have to compare what other physiological effects of our two 
substances are known up to the present. As far as I am aware, comparative 
experiments with 6-A.U. and D-n-A.A. have, so far, been carried out only 
by Veldstra and by Burström. Veldstra and Booij (1949) using their colori- 
metric beet test found that the anthocyanine permeability of the tissue is 
increased by both substances, but much more so by 6-A.U. In the pea test, 
however, a reverse order of effectiveness was observed: there D-n-A.A. proved 
to be a »very potent activator» of growth substances present in submaximal 
concentration (e.g. Naphthalene acetic acid), while 6-A.U. remained almost 
indifferent. Thus D-n-A.A., though not an auxin itself, exerts a strong 
synergistic influence, an observation which led Veldstra and Booij to con- 
clude that the COOH-group must have an important function in this effect. 

These results seem to be agreement with my own experience, since the 
drastic loss of weight of the potato tissue observed in 6-A.U. has, at least 
partly, its cause in a break down of semipermeability. The stimulation of 
water absorption by D-n-A.A., on the other hand, may correspond to the 
action of this acid in the pea test. 

Burstrom (1949 a and b) and Hasman & Burström (1950) studied the 
effect of both substances upon elongation growth, water balance, and nitrate 
assimilation in wheat roots. With 6-A.U. results were obtained which, in 
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principle, support Veldstra’s findings. D-n-A.A., however, acted in Burström’s 
experiments in a way not easily reconcilable with the behaviour of an auxin- 
synergist: it was found to delay the elongation of the root epidermis and to 
decrease the cell multiplication. So Burstrém was led to ascribe to D-n-A.A. 
rather the qualities of an anti-auxin. However, considering the fact that these 
seemingly contradictory results were obtained with stems and with roots 
respectively, the contrast may eventually be traced back to the opposite effect 
of auxin itself on the growth of these organs. 


Summary 


1. In the present research some physiologic effects of 6-aminoundecane 
(6-A.U.) and of di-n-amylacetic acid (D-n-A.A.) are compared. 

2. 6-aminoundecane inhibits in all concentrations tested the aerobic water- 
uptake of the tissue. This effect becomes more conspicuous as the concentra- 
tion increases. 

3. Similar results were obtained also with the dehydrogenase inhibitor 
iodoacetate, confirming earlier findings of Kelly and of Hackett & Thimann. 
It, therefore, seems possible that the reduction of water-intake by 6-A.U. also 
be due to an inhibitory effect on the certain stages of respiration. 

4. Di-n-amylacetic acid, in general, promotes the water-uptake of the 
tissue: this effect is remarkable even in fairly low concentration (10% M). 
Only in the most dilute (10% M) and more particularly in the highest 
(5<10—° M) gradation the opposite reaction develops, i.e. an inhibition of 
the water-uptake. 

5. The pH of all solutions tested showed a continuous rise during the 
course of the experiments. The cause of this effect is probably an oxidative 
deamination developing under aerobic conditions. None of the three sub- 
stances tested, viz. 6-A.U., D-n-A.A., and iodoacetate had any effect on this 
process: the alkalization of the medium only depended on the maintainance 
of aerobic conditions, even in media in which the water absorption appeared 
inhibited. 

In conclusions, the writer wishes to thank Prof. L. Brauner for many helpful 


discussions, and to Dr. Veldstra for having kindly provided pure samples of 6-amino- 
undecane and di-n-amylacetic acid. 
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Introduction 


When the cytoplasm of cauliflower buds is subjected to centrifugal frac- 
tionation, a particulate component is obtained which contains an enzyme 
complex capable of carrying out the entire tricarboxylic acid cycle (20, 21). 
Similarly prepared particles from certain animal tissues have been shown to 
be mitochondria (10, 13) and it would appear that such is the case with the 
particulates derived from cauliflower buds. 

The majority, if not all, of the oxidations of the tricarboxylic acid cycle 
are accompanied by the incorporation of inorganic phosphate into organic 
forms of the so-called »high energy» type (15). The question remains as 
to whether, in vivo, the phosphorylative aspects of the oxidative reactions 
are an integral component of the oxidation itself. Here a distinction must be 
made between participation of phosphorylation in the over-all oxidative reac- 
tion (wherein acceptors of initial oxidation products are regenerated), and 
participation in the limited sense described by the oxidation itself (7). 

The biochemical properties of the mitochondria are frequently affected 
by the nature of the physical environment, with respect to both the tonicity 
and chemical composition of the latter (11, 12, 14). In an earlier study (21) 
it was desired to separate the individual steps of the tricarboxylic acid cycle 
so that the effect of the tonicity of the environment on each slep could be 
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independently ascertained. In particular it was desired to delimit the succin- 
oxidase system so as to preclude the concomitant oxidation of malate. To 
this end studies were undertaken to determine whether the separation which 
was sought could be effected by adding or withholding certain cofactors. 

Although a variety of chemical agents and physical treatments have fre- 
quently been used to limit oxidations of the tricarboxylic acid cycle to a single 
step (4), such agents and treatments are known to interfere with the phos- 
phorylative mechanisms (15). Since the precise locus at which such inter- 
ference is exerted is unknown, and since it is also uncertain at which point 
the phosphorylative system may be uncoupled without affecting the oxidative 
system, a method of delimitation of one or more stages of the cycle was 
desirable which would leave the phosphorylative mechanisms intact. 

The experiments described below were initially concerned with the require- 
ments of cauliflower particulates for exogenous adenylates, pyridine nucleo- 
tides, and Mg?*, for the oxidation of a-ketoglutarate, succinate, and malate 
respectively. Certain anomalous observations pertaining to the requirement for 
acenylates led to a more extensive study of this requirement, and to the 
suggestion that the adenylates fulfill a dual role. In addition, conditions 
have been defined for the stimulation by dinitrophenol (DNP) of the respira- 
tion of cauliflower mitochondria. 


Methods and Materials 


Cauliflower heads obtained from local markets were washed with tap water, 
rinsed with distilled water, blotted dry, and cooled in the refrigerator. The topmost 
2—3 mm of buds was then removed with the use of a plastic grater. 12 g of this 
bud material was homogenized in a cold mortar with approximately 4 g of pure sea 
sand and 80 ml ice-cold 0.5 M sucrose. The pH of the homogenate was approximately 
6.6. Homogenization was begun with 20 ml sucrose solution, the remaining 60 ml 
being added as the grinding progressed. The ensuing slurry was centrifuged at 
500g for 5 minutes, the supernatant decanted through muslin, and the precipitate 
discarded. The supernatant, in two 50 ml centrifuge tubes, was now centrifuged for 
20 minutes at 20,000Xg in a Servall SS-1 angle-head centrifuge. The supernatant 
was now discarded and the precipitate in each tube resuspended by means of a 
motor-driven plastic pestle in 25 ml ice-cold 0.5 M sucrose. Following a second high 
speed centrifugation the precipitates were combined and brought to 2—4 ml in 
0.5 M sucrose. 0.5 ml of this suspension containing approximately 0.5 mg protein 
nitrogen was used as enzyme source in each manometer flask. All manipulations 
were carried out in a cold room maintained at 2°—4° C. 

Manometric determinations were by the direct method of Warburg and were 
carried out at 30° C. Reagents were added to the manometer flasks, and the flask 
contents chilled in a tray of ice before addition of enzyme. If required, Mg?+ or 
fluoride were normally added after the other reagents and the enzyme. Flasks were 
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then attached to the manometers, transferred to the bath, and equilibrated for 
10 minutes previous to the first reading. Readings were taken at 10 minute intervals, 
and the Qo,(N) calculated on the basis of the first two 10 minute readings. Nitrogen 
was determined upon separate aliquots of the enzyme suspension by Nesslerization 
following micro-Kjeldahl digestion. 

The adenosinetriphosphatase or apparent adenosinetriphosphatase (15, 25) activity 
was estimated by the rate of release of inorganic phosphate into solution in the 
presence of cauliflower mitochondria and adenosinetriphosphate (ATP). Appropriate 
controls were carried out to correct for the non-enzymatic breakdown of ATP and 
the release of phosphate, if any, from the mitochondria. At suitable intervals aliquots 
of the reaction mixture were mixed with equal volumes of ice-cold 2 N HCl. Following 
low speed centrifugation of this mixture, aliquots of the supernatant were taken 
for phosphate determination (1). 

Cofactors were obtained from commercial sources as follows: Coenzyme I (65 °/o 
purity) and Coenzyme II (65 °/o), from Sigma Chemical Co.; Adenosine phosphate 
(98—100 °/o), Bischoff Chemical Co.; Adenosinetriphosphate (96—98 °/o), Pabst 
Brewing Co.; and Cytochrome C, Nutritional Biochemicals Corp. 

Hexokinase prepared from yeast was kindly supplied by Dr. J. M. Campbell. 
This enzyme preparation, diluted ten times, brought about the phosporylation of 
10 u M glucose/ml./minute. 

The abbreviations used below are as follows: Diphosphopyridine nucleotide (Col). 
Triphosphopyridine nucleotide (Coll). Adenylic acid (AMP). Adenosine diphosphate 
(ADP). Adenosine triphosphate (ATP). Adenosinetriphosphatase (ATPase). 2,4 dini- 
trophenol (DNP). 

As a convenience the term »adenylate» will be used below in a generic sense to 
describe one or more of the adenosine phosphates. When a specific adenosine phos- 
phate or polyphosphate is meant it will be named. 


Results 


The Effect of Cofactor Additions on Steps of the 
Tricarboxylic Acid Cycle 


When either a-ketoglutarate, succinate, or L-malate were given as sub- 
strates to suspensions of cauliflower mitochondria, decided respiratory in- 
creases were observed upon addition of a mixture of cofactors including Co I, 
ATP, and Mg?t. The omission of ATP from the mixture was essentially 
without effect regardless of the substrate, whereas omission of Co I was 
essentially without effect with ketoglutarate or succinate as substrates, but 
resulted in some diminution of activity with malate as substrate. In no case 
were the effects of Co I and ATP either additive or synergistic (Table I). 
These cofactors appear to be interchangeable with respect to their stimula- 
tion of ketoglutarate and succinate oxidation, although they are only partially 
so with respect to the effect upon malate oxidation. In the latter instance 
Co I appears to fulfill the requirement for adenylate as well, whereas ATP 
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Table 1. The Effect of Cofactor Additions Upon Substrate Oxidation. 


Final concentrations of reagents as follow: Substrates, 2X10—2 M (Oxalacetate, 10-2 M); 
Phosphate buffer (KH2PO4— NasHPO,) pH 7.3, 2X10—2 M; MgSOs, 1.8x10—3 M; Cyto- 
chrome C, 2X10—5 M; Sucrose, 3.8X10—1 M; ATP, 10—3 M; Co I, 3.3X10—4 M; Cofactor 
concentrations corrected for degree of purity. Final sucrose concentration includes sucrose 
in 0.5 ml enzyme suspension. Glass distilled water added to final volume of 3.0 ml; 0.2 ml 
10 °/o KOH in center well. Qo,(N) represents ulO2 consumed per milligram nitrogen per hour. 


Activity as Qo, (N) 
Substrate 
No Additions Co I ATP Co I+ ATP 

84 278 171 266 

Malater 5. sticcoseswss see 100 195 149 229 
88 287 268 312 

a-Ketoglutarate ...... { 100 957 939 957 
S ; 262 566 540 528 
ME CTIN ALE users 322 480 470 495 
Oxalacetate ............ 0 — —— 116 


cannot fulfill part of the requirement met by Co I. Where interchangeability 
is indicated the requirement would appear to be for adenylate or an adenylate 
derivative, since no net synthesis of Co I could be expected from ATP without 
an extraneous source of nicotine mononucleotide. On the other hand, Korn- 
berg (19) has described an enzyme, DPN pyrophosphatase, which forms 
adenylic acid from Co I. 

The specificity of the requirement is examined in Table 2 where the data 
suggest the requirement to be for adenylic acid or a phosphorylated form 
thereof. Neither adenine nor adenosine bring about any stimulation, and 
Co II is essentially without effect. The relative ineffectiveness of Co II is 
consistent with Kornberg’s observations (19) that pyridine nucleotide pyro- 
phosphatase is much more active upon DPN than upon TPN. Similar observa- 
tions were made by Cross et al. (3). 

The response of succinate oxidation to the addition of cofactors is of some 
interest, since, except for a requirement for cytochrome C under certain 
circumstances, the succinoxidase system has been considered to be indepen- 
dent of additional cofactor requirements, whether the enzyme complex was 
associated with mitochondrial fragments (30), or intact mitochondria (3). 
Nonetheless it is clear that adenylate must be present if the oxidation of 
succinate is to be accompanied by phosphorylation (3). With other sub- 
strates, the level of phosphate acceptor (adenylate) clearly limits the rate of 
oxidation (22, 26) and it seems at least possible, with respect to oxidation at 
substrate level, that such may be the case with succinate as well, the 
dependence upon exogenous adenylate perhaps varying with the material 
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Table 2. The Specificity of the Cofactor Requirement for Substrate Oxidation. 


Addenda as for Table 1. Final concentrations: Co II, 3.8 10—4 M; Adenosine, adenine, 10—3 M. 
an nn men 1 er TE 

Activity as Qo, (N) 
No Additions| ATP | ADP | AMP | Co I | Co II | Adenosine | Adenine 


99 260 == 284 280 = — — 
= 250 260 337 = == — >= 
= 265 240 252 = == == = 

146 326 = — — — 157 101 


Malater u... 74 132 = — 167 89 = = 


Substrate 


a-Ketoglutarate 


or the preparation. Since phosphate has not been found necessary for the 
oxidation per se of pyruvate or ketoglutarate (28, 29), the relative difference 
in adenylate requirement between ketoglutarate oxidase, for example, and 
succinoxidase, suggests that the primary product of succinate oxidation can 
be removed from its enzyme site, without exchange, however indirect, with 
phosphate, whereas in the case of other substrates the primary product of 
oxidation must, to permit continuous oxidation, be replaced by phosphate, 
the latter in turn being transphosphorylated to the adenylate system. This 
hypothesis is also suggested by the work of Teply (32), wherein only succinate 
oxidation is independent of phosphate additions under conditions where the 
endogeneous phosphate has been removed. Thus, succinate may be oxidized 
in the absence of phosphate acceptor, but the rate of oxidation may be still 
greater in its presence. The bulk of the earlier studies upon the succinoxidase 
system (17) were with enzyme systems which by the nature of their pre- 
paration were in all probability unable to carry out oxidative phosphoryla- 
tion (24). 

The question arises as to what fraction of the oxygen utilization observed 
with succinate as substrate may in fact be due to malate oxidation, fumarase 
being plentiful in the cauliflower preparations. When all cofactors are 
omitted, the oxygen utilization observed with succinate as substrate must 
be attributed mainly to succinate oxidation, since the observed rate of oxygen 
consumption is considerably greater than that elicited by malate under the 
same circumstances. There is still the possibility that the apparent stimula- 
tion of succinate oxidation evoked by the addition of cofactors may, in fact, 
be due to malate oxidation. However, in experiments involving malate 
oxidation, Co I was seen to give consistently greater stimulation than ATP. 
With succinate oxidation, Co I and ATP are equally effective, much as with 
a-ketoglutarate. The stimulation of succinate oxidation elicited by cofactor 
addition is of such magnitude that in order to attribute the observed response 
to the oxidation of malate, it would be necessary to consider that malate 
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Figure 1. The Effect of Adenosinetriphos- 
phate on Succinate Oxidation. Addenda as 
for Table 1. All additions with the excep- 
tion of Co I and MgSO4. Final ATP con- 
centration 10—3 M. 
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oxidation were proceeding at maximum rate (as measured in the presence 
of saturating concentrations of malate). This does not appear probable in 
the first ten or twenty minutes. For these reasons it would seem that the 
entire stimulation, at least, cannot be attributed to malate oxidation. 

In the presence of adenylate, whether or not additional Co I and Mg?* are 
provided, some malate oxidation does in fact occur, as is indicated by the 
interesting situation that with certain preparations the presence of ATP 
during succinate oxidation causes rapid and severe inhibition of this oxidation 
(Figure 1). When this experiment is carried out at two substrate levels an 
explanation is suggested in terms of the formation of oxalacetate as a con- 
sequence of malate oxidation. Since oxalacetate is a competitive inhibitor of 
succinic dehydrogenase (31), it would be expected that in the presence of 
oxalacetate, a concentration of succinate in excess of that normally required 
to saturate the succinoxidase system would be necessary to induce maximal 
succinoxidase activity. Such an effect is demonstrable only in preparations 
in which oxalacetate metabolism is somehow impaired. 

As with the organic cofactors, Mg?* is seen to stimulate oxygen utilization 
in the presence of either ketoglutarate, succinate or malate (Table 3). The 
current consensus suggests that in certain of the tricarboxylic acid cycle 
oxidations the Mg?* requirement is concerned primarily with phosphoryla- 
tion or transphosphorylation reactions, and not with the dehydrogenation 
mechanism per se (15). 

The foregoing data suggest that the rigorous separation of the above men- 
tioned oxidations by a selective choice of cofactors is not to be obtained. The 
requirement for exogenous cofactors is in no case complete, and there is 
every indication that oxidations tend to proceed at least to some extent beyond 
a single step. Nonetheless, for practical purposes, the oxidation of succinate 
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Table 3. The Response to Mg2+ as Related to the Presence of Other Cofactors. Addenda as 
for Table 1. Final concentration MnSO4, 1.5X10—3 M. 
pan i ee ee ees 


Activity as Qo, (N) 
Substrate No Additions ATP+Co I 
— Mg + Mg — Mg + Mg + Mn 
Ketoglutarate........ 4 ie = one oF a 
Succinate ran. { en 22 je oe Y 
Malate Un nes: = 125 179 376 368 


may be isolated by withholding all cofactors, although such oxidation will now 
be without concomitant phosphorylation (3). Also, for short term experiments 
it would still seem that malonate may be employed to limit the oxidation of 
ketoglutarate to a single step (22). Green (9) has suggested that the extended 
use of malonate leads to a decline in the rate of oxidation of ketoglutarate. 


The Relationship of DNP to Cofactor Requirements 


In its broadest aspects, oxidative phosphorylation involves the phosphor- 
ylation of an adenylate acceptor (ADP) followed by transphosphorylation to 
any one of a number of secondary acceptors. It is clear that even where 
phosphorylation is a necessary adjunct of oxidation (as indicated by an 
absolute requirement for low levels of phosphate) the entire sequence of 
phosphate transfers need not be carried out. Certain reagents, DNP among 
them, can dissociate phosphate from one of its initial acceptors, upon the 
enzyme or mitochondrion itself (8), and thereby regenerate the acceptor 
site (16, 22, 32). It appears that certain physical treatments of the mito- 
chondria can bring about the same net effect (3, 8, 21, 23). 

Early explanations of the mode of action of DNP were frequently ambi- 
guous insofar as they failed to take note of the dual function achieved by 
DNP wherein the action of DNP resulted both in the return of inorganic 
phosphate to solution and the concomitant exposure of acceptor sites. Thus 
emphasis was placed upon the apparent function of DNP as a substitute for 
the phosphate requirement, and DNP effects were primarily demonstrated 
at low phosphate concentrations, in the presence of adenylate. However, the 
studies below are concerned only with the ability of DNP to strip phosphate 
from some initial acceptor and make the site available once again for addi- 
tional phosphorylative reactions. Assuming this type of action for DNP it 
was anticipated that in the presence of DNP the requirement for adenylate 
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Table 4. Adenylate Requirement as a Prerequisite for Respiratory Stimulation by 2,4-Di- 
nitrophenol. Addenda as for Table 1. Final concentration DNP, 10—4 M. 


Activity as Qo, (N) 
Experiment , 

No Additions| Col ATP | DNP | Col+DNP | ATP + DNP 
| 

1 | fi 440 408 69 | 572 500 

2 | 163 = 294 179 = 358 
3 | 4 286 = | = 412 | 
4 | = = 457 = = 700 


would be obviated and the apparently distinct requirement for Co I during 
malate oxidation would be separately demonstrable. This expectation was 
not realized. DNP alone caused no stimulation over the observed oxidative 
rate in the absence of added cofactors. However, when small amounts of 
adenylate were supplied, the subsequent addition of DNP resulted in still 
greater respiratory increases (Table 4). Thus DNP action is apparently 
dependent upon the presence of some small quantity of adenylate. 

Several possible explanations of the requirement of adenylate for DNP 
action suggest themselves. DNP has been shown to stimulate the apparent 
ATPase activity of certain mitochondrial preparations (15, 25). If the rate 
of ATP turnover were in fact limiting respiration, it is clear why a stimulation 
of ATPase activity would stimulate respiration, and it is also evident why 
DNP action would depend on the presence of adenylate. Experiments designed 
to test this possibility are described below, and it appears that the explana- 
tion of DNP action is not to be found in these terms. From the observations 
made it may be considered that adenylate performs a dual function. First, 
adenylate would appear to function as a coenzyme of oxidation, or as a 
primary acceptor of phosphate somewhere upon the enzyme itself. If the 
oxidation is obligatorily coupled to phosphorylation, these alternatives are in 
a sense synonymous. Secondly, adenylate serves as a secondary acceptor 
of phosphate in solution, in a reaction in which ATP is generated. The pri- 
mary phosphorylative reaction in which adenylate participates would thus 
be a prerequisite for subsequent DNP action. That all of the adenylates are 
effective in this secondary role may be attributable to the presence of ATPase 
and adenylkinase (2). 

Cross et al. (3) suggested a dual role of adenylate on the basis that suceinate 
oxidation required adenylate only if concomitant phosphorylation were 
expected, whereas other tricarboxylic acid cycle substrates required adenylate 
for the oxidation per se. The suggestions presented above as an explanation 
for succinate oxidation in the absence of adenylate could however explain 
the findings of Cross et al. without invoking a dual role hypothesis. More 
pertinent is the observation that fresh preparations initially require no exo- 
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Figure 2. The Effect of Hexokinase on 
the Adenylate Requirement for the Oxi- 
dation of a-Ketoglutarate. Addenda as 
for Table 1. Sufficient hexokinase added + Hexokinose « 
to phosphorylate 1.0 umole glucose per Fos 
minute. Glucose concentration, 10—2 M. o 
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genous adenylate for oxidation, but only for phosphorylation (5). Judah and 
Williams-Ashman (16), however, made observations similar to those reported 
here, wherein DNP failed to replace adenylate in preparations which had 
been rigorously treated to deplete them of endogenous adenylate. In ordinary 
preparations, DNP was able to replace adenylic acid. 

An attempt was made to separate the two postulated requirements for 
adenylate by comparing the adenylate requirement in the absence of DNP 
to the requirement in its presence. It was anticipated that in the presence 
of DNP some nominal adenylate concentration would be sufficient for 
maximal respiratory activity, whereas in the absence of DNP the respiratory 
activity would be dependent upon the adenylate concentration through a 
much more extended range. For such studies it was desirable that rate 
measurements reflect dependence upon adenylate concentration and not upon 
the rate of turnover of adenylate. 

Although cauliflower mitochondria contain both hexokinase (27) and 
ATPase, these enzymes together are not present in sufficient quantity to per- 
mit maximum rates of respiration in vitro. That is, the level of phosphate 


Table 5. Stimulation of a-Ketoglutarate Oxidation by Addition of Hexokinase and Glucose, 

and of 2,4-Dinitrophenol, Respectively. Addenda as for Table 1. All additions, with exception 

of Co I. Added hexokinase sufficient to phosphorylate 1.0 umole glucose per minute. Final 
concentrations: Glucose, 10-2 M; 2,4-Dinitrophenol 10—4 M. 


Addendum oe: 
Substrate - - en am = u Activity as Qo, (N) 
Hexokinase and Glucose | DNP 
| = | = | 457 
| = | ate | 700 
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acceptor (ADP) limits the rate of respiration, — a reaffirmation of the second 


role of adenylate suggested above. The requirement for adenylate was there- 
fore studied in the presence of excess hexokinase, a situation which, in the 
proper range of adenylate concentration, was calculated to make respiratory 
activity dependent upon adenylate concentration, and independent of the rate 
of ATP breakdown. Stimulation of respiration by additions of hexokinase 
and glucose was appreciable (Table 5), and, as might have been expected, 
the region in which respiration was dependent upon adenylate concentration 
was shifted to a tenfold lower range of adenylate concentration (Figure 2). 

In the presence of hexokinase, DNP stimulation was not demonstrable, 
even at low adenylate concentrations. However, when hexokinase was 
omitted, and the adenylate concentration kept low, DNP stimulation was 
observed (Table 5). A tentative explanation for the preceding observations 
is that the transfer of phosphate from primary acceptor to adenylate is rapid 
and, when ATP is plentiful, and the breakdown of ATP is in turn rapid 
(excess hexokinase), this sequence of reactions becomes the most likely one 
for the removal of phosphate from the primary acceptor. When, however, 
ATP breakdown is comparatively slow (endogenous level of ATPase and 
hexokinase), DNP can cause more rapid cleavage of phosphate from primary 
acceptors than can the endogenous enzymatic systems, and a DNP effect is 
then observable. Since DNP does not cause stimulation comparable to that 
engendered by hexokihase (Table 5), the failure to observe a DNP effect in 
the presence of hexokinase cannot be explained in terms of the equal ability 
of hexckinase and DNP to sustain maximal respiration. At very low adenylate 
levels in the presence of hexokinase a linear dependence of activity upon 
adenylate concentration is demonstrable (Figure 3), but under these condi- 
tions it is questionable whether sufficient adenylate is present to fulfill the 
primary adenylate requirement, and it may be for this reason that DNP 
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Table 6. The Effect of Sodium Fluoride and of 2,4-Dinitrophenol on Adenosine- 
triphosphatase Activity. 


Buds homogenized in 0.5 M mannitol. Final mitochondrial suspension in 0.5 M mannitol. 

Final concentration of reagents as follows: Tris (hydroxymethyl)-aminomethane buffer, 

pH 7.2, 2X10—2 M; MgSO,, 1.8x10—3 M; ATP, 10—2 M; Mannitol, 42X10—1 M (including 
mannitol in enzyme suspension). Final volume to 3.0 ml with glass distilled water. 


EEE een ee ———_—_—_—_—_—— 

ere / Moles Inorganic Phosphate | Inhibition or Stimul- 
at Treatment Per Reaction Vessel ation by NaF or DNP 
to 10 130 |t30 mins. | 28 Percent of Control 

Blank (without enzyme) | 0.90 | 0.98 | 1.01 1.02 — 

I Control 1.49 | 4.50 | 7.84 14.9 = 

+ NaF 10—2M 1.32 | 4.22 | 6.45 10.7 40 

—+ NaF 3 X 10—2M 1.44 | 3.02 | 4.10 5.61 76 

Blank 2.80 = = 3.11 — 

IL Control 3.94 — — 10.5 = 

+ DNP 10-4M 3.98 = — 11.0 0 

+ DNP 5X 10—4M ETES NES 10.9 0 


here fails to stimulate respiration. The suggestion that DNP may exert its 
function by stimulating either the ATPase or apparent ATPase activity of 
mitochondrial preparations has been made by both Hunter (15) and Potter 
and Recknagel (25). The latter authors have demonstrated the dependance 
of this stimulation upon the tonicity of the environment. Experiments carried 
out with cauliflower mitochondria in 0.5 M solution failed to show any effect 
of DNP on the rate of breakdown of ATP (Table 6), under conditions which, 
in separate experiments involving substrate oxidations, resulted in complete 
uncoupling of phosphorylation. At tonicities comparable to those used in the 
latter experiments, the apparent ATPase of rat liver mitochondria was also 
unaffected by DNP (25). Thus, without specifying the nature of the primary 
phosphate acceptor, the mechanism of DNP action in the experiments des- 
cribed above appears to be in line with the suggestions made by Teply (32), 
in which DNP strips phosphate from the primary acceptor and thereby 
reestablishes phosphate acceptor sites, permitting further oxidation. 

Preliminary experiments with P*? labelled phosphate have been carried 
out, which indicate that the cauliflower particles do in fact contain a labile 
phosphate, the incorporation of which is a function of substrate metabolism 
(8). Although repeated washing in sucrose-KCl failed to remove the radio- 
active phosphate from the mitochondria, cold 5 °/o trichloracetic acid removed 
much of the labelled material, and hot trichloracetic acid (100°, 7 minutes) 
removed it all. Further experiments remain to be done to relate the primary 
adenylate requirement suggested above, to the ability of the mitochondria 
to incorporate labile phosphate. 
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Discussion 


The conditions under which DNP stimulation is manifested in the pre- 
ceding study suggest that the effectiveness of this reagent as an uncoupling 
agent may vary with mitochondrial preparations from different sources. 
That is, the apparent efficiency of DNP in dissociating phosphorylation 
from oxidation may depend upon the relative effectiveness of DNP in strip- 
ping phosphate from an initial acceptor compared to the effectiveness of the 
endogenous transphosphorylating systems in doing the same job. In those 
instances where DNP can essentially replace adenylate (above some nominal 
requirement) the stripping action of DNP must be at least as rapid as the 
endogenous transphosphorylating mechanisms. In such cases the final 
oxidative rates achieved with DNP are comparable to rates obtained with 
complete systems without DNP (16). Alternatively DNP may completely 
replace the requirement for hexokinase and glucose in situations where the 
latter are needed for maximal oxidative rates (22). 

With cauliflower mitochondria the situation is frequently different. Thus, 
the addition of hexokinase and glucose often exerts a pronounced stimulatory 
effect on a-ketoglutarate oxidation, but the maximal rate achieved with 
adenylate and DNP is never as great as that achieved with adenylate and an 
excess of hexokinase and glucose. Here DNP does not appear to be as effective 
a stripping agent as the physiological mechanism, and DNP stimulation 
can be shown only in the absence of hexokinase. Consistent with this sugges- 
tion is the observation that mitochondrial preparations which fail to show 
a response to hexokinase (not limited by rate of phosphate turnover) also 
fail to show DNP stimulation, whereas those preparations which are 
stimulated by hexokinase are also stimulated by DNP in the presence of 
adenylate. 

An experimentally unverified corollary of the above hypothesis suggests 
that with cauliflower mitochondria the uncoupling of phosphorylation by 
DNP should be incomplete in the presence of excess hexokinase and glucose. 
It is significant in this regard that experiments with rat liver mitochondria 
have indicated that in the presence of hexokinase, low levels of DNP (suf- 
ficient to cause at least a 100 °/o increase in respiratory rate) bring about but 
a 20 °/o diminution of the concomitant phosphorylation.! Naturally, if it is 
excessive ATPase activity which precludes the demonstration of a DNP 
effect, no phosphorylation will be demonstrable in the first place. 

If it is assumed that DNP cannot replenish phosphate acceptor sites as 
effectively as naiural mechanisms, such as the undefined transphosphorylases 


1 R. L. Potter (Private Communication). 
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acting together with ATPase or hexokinase, then it is not difficult to under- 
Stand why DNP does not completely replace adenylate in its role of secondary 
phosphate acceptor. With the fundamental requirement for adenylate ful- 
filled, DNP permits a certain oxidative rate which is still below the possible 
maximum. With additional adenylate, the secondary role of adenylate comes 
into play and acts to further increase the oxidative rate, resulting in an 
additive stimulation by DNP and adenylate. 

The locus of action of DNP is still uncertain, and there may well be more 
than one such locus. The most attractive hypothesis (8, 32) suggests that 
DNP causes phosphate to be dissociated from its primary ester somewhere 
upon the mitochondrion itself. Indirect experiments involving the rate of 
incorporation of p*? labelled phosphate into ATP (23) suggest this cleavage 
occurs before the formation of ATP. The apparent stimulation of mito- 
chondrial ATPase may well reflect a situation in which acceptor sites on the 
mitochondrion are phosphorylated by ATP, following which the phosphate 
is cleaved from the mitochondrion by DNP action (15). These phosphorylated 
sites may or may not be equivalent to the primary phosphate esters resulting 
from oxidative phosphorylation. 

Whatever the explanation for the manner in which DNP stimulates 
apparent ATPase activity, it seems certain that the primary effect of DNP 
is not exerted via this mechanism. In separate experiments designed to test 
the ATPase activity of cauliflower particles, it was shown that DNP is 
entirely without effect (Table VI). More pertinently, perhaps, DNP is known 
to abolish certain oxidative reactions (fatty acid oxidation, for example) 
which are dependent upon concomitant oxidative phosphorylation, but 
wherein ATP as such is not functional (6, 15, 18). Under these circumstances 
the dissipation of ATP per se would not explain the observed results. 

Adenylate (ADP) is implicated as phosphate acceptor in all the phosphor- 
ylative reactions carried out by the mitochondria, whether the oxidations are 
of substrate level or of coenzyme level (15), and whether the oxidations be 
obligatorily coupled to phosphorylation or not (15). However the manner 
and locality in which adenylate functions when it is implicated as a primary 
cofactor of oxidation are both obscure. It seems clear, however, that adenylate 
in this capacity cannot be replaced by DNP, and is probably required only in 
oxidations at substrate level (15). 

Recently, certain oxidative enzymes, long thought to be active only as 
integral components of the unaltered mitochondria, have been solubilized, 
and shown to carry out oxidative phosphorylation in this solubilized form 
(7, 28, 29). It is interesting that adenylate is not included among the require- 
ments for the complete system necessary to oxidise a-ketoglutaric acid, and 
yet the requirement obtains for oxidation of a-ketoglutaric acid by the intact 


212 GEORGE G. LATIES 


mitochondria. Similarly, certain other dehydrogenases of the tricarboxylic 
acid cycle which for some time have been obtained in soluble form (malic 
dehydrogenase, for example) show no requirement for adenylate, whereas 
their mitochondrial counterparts do (3). This, it seems, militates against the 
primary role of adenylate being concerned with the initial electron donation 
in those cases where adenylate is required. Rather it appears that adenylate 
must function as one of the initial phosphate acceptors, or cofactors of 
transphosphorylation or transacylation, upon the mitochondrion itself. 
Where the structural nature of the oxidative complex has been so altered 
as to permit hydrolysis of the product of oxidation from the oxidative 
enzyme, the primary role of adenylate is essentially by-passed, and oxidation 
is permitted to occur in a manner in which the energy of oxidation is dis- 
sipated. These suggestions are to some extent borne out by experiments 
involving the differential effect of certain tonic treatments upon the oxidative 
and phosphorylative capacities of the mitochondria. For example, the oxida- 
tion of B-hydroxybutyrate is independent of the tonicity of the environment, 
whereas the concomitant phosphorylation is very sensitive to the osmotic 
environment (23). Adenylate is not required for B-hydroxybutyrate oxidation, 
but is required for the phosphorylation. With pyruvate or ketoglutarate as 
substrates, however, oxidation as well as phosphorylation are dependent upon 
the ambient tonicity (14). Oxidation of these substances requires adenylate 
(3). Whereas oxidation of ketoglutarate or pyruvate yield phosphorylations 
(or acylation) at substrate level, oxidation of B-hydroxybutyrate does not (23). 
It thus appears as if the primary requirement of adenylate is concerned with 
phosphorylation (or acylation) at substrate level, and the secondary require- 
ment is normally manifested for phosphorylation at all levels. 


Summary 


1. The oxidation of a-ketoglutarate, succinate and malate by cauliflower 
mitochondria is stimulated by a mixture of cofactors including ATP, Co I, 
and Mg?*. 

2. With respect to the oxidation of a-ketoglutarate and succinate, ATP and 
Co I are interchangeable. It is suggested that the primary requirement is 
for adenylate, the latter being derived from Co I by diphosphopyridine 
nucleotide pyrophosphatase. 

3. ATP and Co I are not completely interchangeable with respect to malate 
oxidation. Although Co I fulfills the adenylate requirement, there appears 
to be an additional response to Co I per se, ostensibly by dint of its role 
as coenzyme for malic dehydrogenase. 
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Succinate oxidation is enhanced by the addition of cofactors, and it is 
suggested, that the stimulation is not entirely attributable to the parti- 
cipation of malic oxidase. The succinoxidase system may be essentially 
isolated by withholding all cofactors. However, adenylate alone, in the 
absence of both Co I and Mg?*, permits discernible malate oxidation. 


Dinitrophenol is unable to replace adenylate in effecting respiratory 
stimulation. When a nominal amount of adenylate is supplied, however, 
the subsequent addition of DNP is stimulatory. 


It is suggested that adenylate functions as a primary acceptor of phosphate 
somewhere upon the mitochondrion itself, this primary function being a 
prerequisite to DNP action. Adenylate serves also as a secondary acceptor 
in a reaction in which ATP is generated. 


DNP is not as effective as the natural transphosphorylating enzymes in 
removing phosphate from the primary acceptor. Thus, higher oxidative 
rates are achieved by the addition of glucose and excess hexokinase than 
by the addition of DNP. 


Evidence is presented that DNP does not exert its influence by the stimula- 
tion of ATPase or apparent ATPase. 
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Introduction 


The steady growth and development of the broad field of respiratory 
metabolism has been accompanied by changing concepts of the manner in 
which the course and magnitude of the respiratory process is controlled. 
Initially, control was ascribed to the limited electron transferring capacity of 
one or more enzymic components of a respiratory sequence, and this inter- 
pretation was extended to include the dissociable cofactors of oxidation when 
the fundamental role of such cofactors was recognized. Following the elegant 
development of the concept of oxidative phosphorylation (see Hunter, 4) and 
the realization that in vivo at least certain respiratory oxidations were 
obligatorily related to concomitant phosphorylation, the phosphorylative 
cofactors and transphosphorylating systems became the cynosure of respira- 
tory control mechanisms. 

Mitochondrial suspensions prepared from cauliflower buds have been 
shown to be capable of oxidizing the component members of the tricarboxylic 
cycle (9). In extending these eariier studies with experiments designed to 
ascertain whether cycling was in fact going on with each of these substrates, 
it was observed that one of the necessary criteria (5) for the demonstration 
of cycling was unfulfilled; i.e. there was a failure to observe malonate inhibi- 
tion of the oxidation of any of the tricarboxylic acid substrates other than 


1 Present Address: Department of Botany, University of Michigan. 
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a-ketoglutarate or succinate. These observations appeared incompatible with 
the ability of the cauliflower particulates to carry out each of the individual 
oxidations, and an explanation of the anomaly was sought in terms of the 
presence of a device which would confine the observed substrate oxidations 
largely to one step. A possible explanation will be examined below, in which 
it will be seen that the phosphorylating systems occurring within the tri- 
carboxylic acid cycle are largely implicated in the role of just such a limiting 
device. 


Methods and Materials 


Cauliflower particles were prepared as described in the preceding paper (10). 
Buds were homogenized in ice-cold 0.5 M sucrose. All centrifugations and 
additional manipulations were carried out in the cold at 2°—4° C. Final 
suspension of particulates was in 0.5 M sucrose. 


Results 


Fundamental to the concept of pyruvate metabolism through the tricar- 
boxylic acid cycle is the requirement for a four-carbon dicarboxylic acid as 
la means of introducing pyruvate into the cycle. The nature of the reaction 
wherein oxalacetate and pyruvate are combined to produce citrate has been 
thoroughly described (12). It is clear that the operation of the tricarboxylic 
acid cycle per se produces no net increase in the quantity of four-carbon 
acid, and therefore for maximal pyruvate oxidation an initial quantity of 
four-carbon acid must be present, sufficient to satisfy the requirements of 
the addition enzyme (citrogenase system). A reflection of this situation is 
presented in Table 1, where it is indicated that although minimal concentra- 
tions of malate permit pyruvate oxidation, higher concentrations are still 
more effective. An upper limit of four-carbon acid concentration exists, 
however, for maximal apparent pyruvate oxidation, the reasons for this being 
discussed below. This situation is considered simply as a guide to what may 
be expected from subsequent experiments involving malonate inhibition. 
That is, if the oxidation of pyruvate is made completely dependent upon the 
regeneration of oxalacetate, malonate should, of course, cause complete 
inhibition of pyruvate oxidation. If, however, sufficient four-carbon acid is 
initially aaded to permit maximal oxidation of pyruvate, malonate inhibition 
should be perceived only to the extent that the steps beyond ketoglutarate 
oxidation are eliminated (8). Since relatively high levels of malate, at least, 
are needed for maximal pyruvate oxidation, it will be mainly the second 
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Table 1. The Effect of Malate Concentration Upon the Apparent Rate of Oxidation of 
Pyruvate. 
Final concentrations of reagents as follows: Phosphate buffer (KH2P04— NasHPO,), pH 7.3, 
2X10—2 M; MgSO,, 18X10—3 M; Cytochrome C, 2x 10-5 M; Sucrose, 3.8X10—1 M 
{including sucrose contained in enzyme preparation); ATP, 10-3 M; Co I, 3.3X10—4 M. 
Cofactor concentrations corrected for degree of purity. Final volumes brought to 3.0 ml 
with glass distilled water. 0.2 ml 10 °/o KOH in center-well. 
oe ee ee ee ee ee 


>yru- 
Experiment Substrate Concentration| Qo, (N) Qo, een NA 

Pyruvate 2 X 10—2M 0 0 
| Malate 5 X 10—1M 0 — 
I Malate + Pyruvate 70 70 
| Malate 10—2M 121 == 
|| Malate + Pyruvate 281 160 
Pyruvate 2X 10—2M 0 0 
| Malate 10—2M 111 = 
II Malate +- Pyruvate 204 93 
| Malate 2 X 10-2M 157 en 
Malate + Pyruvate 213 56 
Pyruvate 2 X 10—2M 0 0 
111 | Malate 10—2M 268 = 
Malate + Pyruvate 472 104 
Pyruvate 2 x 10—2M 0 0 
Malate 10—3M 51 — 
IV Malate + Pyruvate 148 97 

Malate 10—2M 376 = | 
Malate + Pyruvate 396 20 


type of inhibition which will be sought in the subsequent experiments 
involving malonate. The first type of inhibition is not to be expected in short 
term experiments, since the level of four-carbon acid is not seriously depleted 
under such circumstances. At relatively high levels of four-carbon acid there 
may be scarcely any evidence of pyruvate metabolism (Table 1), as indicated 
by the difference between the rate with four-carbon acid alone, and the rate 
with four-carbon acid and pyruvate together. It is both possible and likely 
that oxalacetate suffers some decarboxylation to pyruvate, thus in itself 
supplying both members of the citrogenase reaction. If this occurs to any 
great extent, a measure of pyruvate oxidation, based upon the difference 
mentioned above, may give an erroneously low indication of pyruvate 
oxidation. 

That this occurs to some extent is suggested in Table 2. Here it is seen 
that when either malate or oxalacetate is provided to implement pyruvate 
oxidation, the synergistic effect of four-carbon acid and pyruvate is most 
evident in the first ten minutes. With oxalacetate the effect disappears 
altogether after ten to twenty minutes, whereas with malate a continued 
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Table 2. Diminution of Apparent Pyruvate Oxidation with Time. Addenda as for Table 1. 
Final concentrations: Malate 10—2 M, oxalacetate 10—2 M, pyruvate 2X10—2 M. 


| ul O, per 10 minutes 
ir ONE Pyru- Malar Malate + | Pyruvate by | Oxal- | Oxalacetate | Pyruvate by 
A D Pyruvate | Difference acetate | + Pyruvate | Difference 
First 10 min.... 0 | 15 | 38 | 23 | 5.7 | 13.6 | 7.9 
Second 10 min. 0 24 | 42 | 18 10.5 | 14.7 | 4.2 
Third 10 min. 0 23 39" 7 | 16 | 10.5 118 | 0.8 


interaction is indicated. With oxalacetate, endogenous pyruvate formation 
would appear to be demonstrated at high oxalacetate concentrations. With 
malate, however, an additional reason for the diminution of apparent pyru- 
vate oxidation at high malate levels must be considered. The experiments to 
be described below indicate an upper limit of respiratory activity on the part 
of the system under study, set by the limited availability of one or more 
cofactors or enzyme systems, necessary in common for the oxidation of 
several substrates of the tricarboxylic acid cycle. The saturation of such a 
system during the oxidation of malate appears to be the primary reason 
why pyruvate oxidation is not evident at high malate concentrations 
(Tables 1, 5). 

Preliminary experiments involving both malate and pyruvate oxidation 
showed no effect of malonate upon the over-all oxygen utilization observed 
with these substrates. To test the supposition that the absence of malonate 
inhibition was simply a reflection of the trivial quantities of citrate (and 
subsequent intermediates) formed, the effect of malonate was tested on 


Table 3. Malonate Inhibition as a Function of Substrate Concentration. Addenda as for 
Table 1. Co I omitted for ketoglutarate oxidation. Co I, ATP and Mg2+ omitted for succinate 
oxidation. 


| Respiratory Activity / 

| Experiment Substrate : die ca se >> Qos (N er: 
| | | Control | Malonate 10—2M|9/o Inhibition 

Citrate 10—3M 117 45 62 

1 5 x 10—3M 157 135 14 

| 10—2M 139 162 0 

Citrate 10—3M 199 89 42 

| 2 5 X 10—3M 242 224 7 

| 2% 10-2M 210 wh 0 

3 a-Ketoglutarate 2 10-21 ar > 

5 x 510 160 69 

4 Suceinate 10—2M 147 0 100 
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Table 4. The Effect of Malonate Concentration on the Inhibition of Citrate Oxidation. 
Addenda as for Table 1. 
ey à 


Treatment | Qo, (N) | Per cent Inhibition 
Control RENE Baas SUR Le: L: | 189 = 
+ Malonate ST US ARE | 148 22 
= Malonate: 3X 10 2ME64. 1. | 157 | 17 
+ Malonate 5X 10-2M...... Bd et ee | 127 | 33 


citrate oxidation directly. Here again, malonate inhibition was not evident. 
An alternative explanation was available in terms of the reasoning frequently 
utilized in describing »reversals» of malonate inhibition by members of the 
tricarboxylic acid cycle (1, 2, 7). Such explanations suggest that sufficient 
succinate is produced by the cyclic metabolism of other members of the cycle 
to overcome the inhibition by malonate. In this case, such an explanation 
is precluded both by the fact that the oxidation of succinate per se is com- 
pletely inhibited, and ketoglutarate oxidation substantially inhibited, at the 
level of malonate used (Table 3), and by the fact that increased levels of 
malonate have little or no additional effect upon citrate oxidation where 
some small inhibition can be demonstrated. (Table 4). 

It was ultimately observed that malonate inhibition was consistently 
obtainable when substrate concentration was kept low. This was true both 
for citrate (Table 3) and for malate and pyruvate (Table 5). With low malate, 
inhibitions well above 50 per cent seemed to indicate an interference with 
the cycling mechanism. 

With this evidence in hand it appeared reasonable to investigate whether 
some intermediate respiratory step, common to several stages of the tricar- 
boxylic acid cycle, was in fact being essentially saturated as the result of the 
activity of a single stage, when high concentrations of substrate permitted 
that stage to function maximally. Under such conditions, subsequent steps 


Table 5. Malonate Inhibition of Malate and Pyruvate Oxidation. Addenda as for Table 1. 
Final malonate concentration, 10—2 M. 


| Respiratory Activity as Qo, (N 
Substrate psi, =—— is abou tals Qoe(N)| Per cent Inhibition 
Control —- Malonate 

| Malate 10—3M ......| 51 13 75 

Malate + Pyruvate 2X 10—2M ...... 148 94 | 37 

Malate + Pyruvate 3 X 10—3M ....… 161 108 | 33 
| Malate 1OE2M 2223| 376 332 12 
| Malate + Pyruvate 2 X 10—2M ...... | 396 394 0 
| Malate + Pyruvate 3 X 10=3M ...... 392 408 0 
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Table 6. The Effect of Excess Adenosinediphosphate or of Hexokinase Upon Malonate 

Inhibition of Citrate Oxidation. Addenda as for Table 1. Sufficient hexokinase added to 

phosphorylate 1.0 umole glucose per minute. Glucose added with hexokinase to final con- 
centration of 10—2 M. 


Respirat Activity as AN 
| Treatment SP: Dane, Qo, (N) Per cent Inhibition 
| Control |+ Malonate 10—2M 
| 
| Citrate 2 X 10-2M... 248 | 280 | 0 
Citrate + ADP 10—2M... 342 | 260 | 24 
| Citrate + Hexokinase ......... 487 386 | 21 


of the cycle, obliged to make use of the common intermediate, would be 
severely limited, and their contribution to the over-all oxygen uptake would 
be minimal. With citrate as substrate, for example, the contribution made 
to the net oxygen uptake by succinate oxidation would be negligible, and 
hence malonate inhibition would also be negligible. 

Such a constraint could be imposed by a limitation within the electron 
transporting path or by a limitation of the transphosphorylating mechanisms, 
where oxidation is dependent upon phosphorylation. Both coenzyme I and II, 
as well as cytochrome C, when present in excess, were without effect upon 
the apparent limitation. An attempt was therefore made to extend the 
capacity of the transphosphorylating system. Additional ATP was without 
effect. When, however, excess hexokinase was added in the presence of 
adequate concentrations of ATP, or when an amount of ADP was added 
sufficient to act as a stoichiometric rather than catalytic acceptor, a limitation 
of respiration was removed, as indicated by the increased respiratory rate. 
Inhibition of oxygen consumption by malonate was now evident even at high 
citrate concentrations (Table 6). 


Discussion 


Recent work from several sources has emphasized the manner in which 
transphosphorylating systems may exert control over the respiratory process 
(6, 11). Such control suggests that in the over-all sequence of reactions 
involved in substrate oxidation, the obligatory coupling of oxidation to 
phosphorylation is frequently indicated. The experiments described above 
suggest that when, in a sequential oxidation system such as the tricarboxylic 
acid cycle, some intermediate reaction limits the rate of respiration, both 
the quantitative and qualitative nature of the respiration may be altered 
when the constraint is removed. That is, when a single substrate is added to 
an enzyme complex capable of carrying out the entire cycle, the observed 


pe 
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oxygen consumption may represent the sum of successive oxidations of the 
cycle or may, on the other hand, be due primarily to the oxidation of the 
substrate added. This will depend upon whether or not a limitation exists, 
either in the form of an intermediate reaction common to the oxidation of 
several members of the cycle, or of a limitation upon one step only. Since 
the concomitant addition of several substrates of the cycle seldom elicits 
oxidative rates in excess of that obtained with one substrate alone, the first 
alternative is indicated. 

The intermediate step shared in common may be concerned either with 
electron or phosphate transport. In the present study the electron trans- 
porting system appears to be ruled out as being responsible for the primary 
limitation, although this system may well become the regulating mechanism 
when other constraints are relieved. By and large the qualitative difference 
to be perceived between a system in which the over-all rate is limited by a 
commonly shared intermediate reaction, and a system in which no such 
limitation exists, will be most evident in short term experiments. 

A simplified hypothetical conception of the manner in which a qualitative 
change may be exerted is presented in Figure 1. In case a we assume a situa- 
tion in which the rate of respiration is limited only by the rate constants 
of the dehydrogenases concerned, and the concentrations of the various 
substrates. If one adds sufficient substrate A so that Vax (100 arbitrary units) 
for the oxidation of A is achieved, then, in perhaps 20 minutes, sufficient B 
is produced to permit the observed relative rate of B oxidation, and enough 
C produced from B to give rise to the observed rate of C oxidation, etc. 
A, being in excess, is negligibly depleted. 

If K, for each step were approximately 10° M, and the rate constants 
considered to be similar for all steps, the suggested distribution would be 
reasonable in 20 minutes. If now the sequence is stopped at C by the addition 
of a suitable inhibitor, the total inhibition to be expected would be 
25+10+5 
190. 

In case b we assume a situation in which a maximum respiratory activity 
of 40 arbitrary units is attainable because of a limit imposed by some com- 
monly shared intermediate reaction. The rate of B formation will now be 
diminished, the rate of oxidation of A being something less than 40 arbitrary 
units, since the oxidation of B, as it is formed, will now compete with the 
A oxidation process, for the common system necessary in their oxidation. 
The outcome of the competition will be determined by the ratio of the active 
substrate concentrations, since the latter values reflect the rates at which the 
dehydrogenases contribute potential material for the common intermediate 
reaction. The rate of B oxidation is now no longer a direct function of the 
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concentration of B, but rather a function of the fraction of the total dehydro- 
genase activity which B dehydrogenase represents. By the same token, the 
quantity of C formed is diminished, and the rate of C oxidation diminished 
still further. 

If now step C is inhibited as before, the total inhibition to be expected 
would be Pre or 2.0 °/o. This quantity is within the experimental error 
of the manometric method and hence essentially no inhibition would be 
observed. 


If an upper limit of oxidation were imposed without postulating the 
sharing of a common intermediate mechanism, it is clear that if the limit 
were considered to be upon the stage for which the substrate is supplied, 
a removal of this limit would change the absolute level of oxidative activity, 
but would not change the percent of the activity contributed by each stage. 
If the limit were upon a step other than the one for which substrate is 
supplied, it might be expected that this particular step would be found low 
in activity when the individual steps of the cycle were tested by supplying 
each of the substrates. It would also be expected that the oxygen utilization 
would be additive for the several component oxidations of the cycle. 


In fact, neither of these conditions is fulfilled. When malonate fails to elicit 
any inhibition of respiration at high citrate levels, it can be shown that 
either ketoglutarate or succinate can be oxidized at rates equivalent to the 
rate observed with citrate. Furthermore, mixtures of substrates will not 
appreciably increase the oxygen consumption. The commonly shared inter- 
mediate is thus strongly indicated, and in the experiments described, appears 
to be the transphosphorylating system. 


When the substrate level is lowered, as indicated in Table 3, the resulting 
clear-cut malonate inhibition may be ascribed to two causes. First, in twenty 
minutes or so the level of initial substrafe is seriously depleted, and sub- 
sequent oxidations contribute a greater percentage of the total observed 
activity. Secondly, the commonly shared intermediate may be adequate now 
to accommodate all the oxidative steps, permitting a distribution of activity 
proportional to active substrate concentration. This situation is represented 
in Fig. 1c. In general, when substrate level is high, no large inhibition by 
malonate may be expected in short term experiments. With increasing time 


the percent inhibition may be expected to increase (as successive substrate 
levels increase), and this in fact occurs. 


The preceding study suggests a cautious interpretation of certain experi- 
ments in which malonate inhibition and »reversal» of same has been studied 
(1, 2, 7). Thus, when malonate has once interrupted the cycle, the observed 
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Sequential Steps : 
a P Active Substrate Rate Active Substrate Bate Active Substrate R 
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© 100 100 100 ——34.0 10 10 
5 50 50 17e 058 10 10 
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¢ 25 25 ee ee 8 | 8 
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0 “Dit —— — 2] 0/0 ot = OY) AZ), 
/o Inhibition 190 | oo jo a 


Figure 1. Hypothetical Example of the Manner in which the Limited Capacity of a Com- 
monly Shared Intermediate May Alter the Distribution of the Component Steps of a Sequen- 
tial Reaction. 


Substrate concentration expressed in arbitrary units, 100 being that concentration which 
would give the maximum velocity if rate were dependent only upon substrate concentration. 
Rate is also in arbitrary units, 100 being the maximum rate at saturating substrate 
concentrations. 

(a) No limitation upon oxidative rate other than the rate constants of the dehydrogenases. 
Rate directly proportional to active substrate concentration. Initial substrate in excess, 
and hence, in terms of effect upon the rate of the reaction, not depleted during the experi- 
mental period. The term »active» substrate pertains to the substrate which may parti- 
cipate in the reaction and does not include the excess substrate. 

(b) Arbitrary total limit of 40 oxidative units imposed by some mutually shared inter- 
mediate. Broken lines point to concentration of given substrate and indicate the 
expected rate if rate were proportional only to substrate concentration. Figures to the 
right of a given substrate concentration describe the rate actually obtained, and are 
derived by multiplying 40 (the upper limit) by the ratio of the concentration of a 
given substrate to the concentration of all substrates together (See text). Initial sub- 
strate in excess. 

(c) Arbitrary total limit of 40 oxidative units. Initial substrate concentration 40 relative 
units. Initial substrate depleted in direct proportion to rate of oxidation of A. 


oxygen utilization, upon addition of components of the cycle other than 
succinate, may represent at first almost exclusively the oxidation of the given 
substrate. There may be no true reversal of the inhibition (by succinate 
formation) until the experiment has progressed for some time. By the same 
token, oxidation observed with any given substrate, even in the absence of 
malonate, may in the early stages of the experiment represent predominantly 
a single oxidation. This will be more apt to be the case if a limitation exists 


such as described above. 
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Malonate has been reported to interfere to some extent with oxidative 
phosphorylation (3). However, in the preceding experiments, oxidations 
normally accompanied by phosphorylation (9) were shown to be unaffected 
by malonate unless the oxidation of succinate contributed to the observed 
oxygen consumption. Therefore in these studies it seems justified to ascribe 
to malonate primarily the function of competitive inhibitor of succinic 
dehydrogenase. 

The explanation offered earlier for the failure to observe apparent pyruvate 
oxidation in the presence of high concentrations of malate is borne out by 
the experiments described in Table 5. When malate concentration is suffi- 
ciently low to allow the demonstration of malonate inhibition, then pyruvate 
oxidation is also observed. When, at high malate concentrations, the satura- 
tion of a common intermediate respiratory system precludes demonstration 
of malonate inhibition, then pyruvate oxidation may not be demonstrated. 
No particular concentration of malate may in itself be considered too high 
for the demonstration of pyruvate oxidation. Whether or not a given con- 
centration is too high will depend upon the characteristics of the particular 
enzyme preparation (Table 1). 

Since the addition of hexokinase and glucose, or of excess ADP, over- 
comes the limitation imposed on the respiratory system by the endogenous 
transphosphorylating systems, it would be expected that 2,4-dinitrophenol 
(DNP) which reputedly obviates the requirement for the hexokinase system 
(6) would permit the demonstration of malonate inhibition with high sub- 
strate concentrations. However, DNP was not effective in this respect. The 
explanation for the failure of DNP to supplant the hexokinase requirement 
is offered in the preceding paper (10) wherein it is indicated that the natural 
transphosphorylating systems are much more efficient than DNP in removing 
phosphate from the primary phosphate acceptor. 


Summary 


(1) When either malate, pyruvate, or citrate, at relatively high concentrations 
(10-*—2 X10-* M), is oxidized by cauliflower mitochondria, there is no 
perceptible inhibition by malonate of the over-all oxygen consumption. 

(2) Failure to observe inhibition is not due to a reversal of the inhibition by 
the formation of succinate from the substrates supplied. When succinate 
is provided per se at equally high concentrations, malonate inhibition 
of succinate oxidation is complete. 

(3) When malate, pyruvate, or citrate at low concentrations (OMIS 
oxidized, malonate inhibition of the over-all oxygen consumption is con- 
siderable. 


(4) 


10. 


Il. 


TRANSPHOSPHORYLATING SYSTEMS 225 


It is suggested that an upper limit of respiratory activity is imposed by 
a reaction utilized in common by several steps of the tricarboxylic acid 
cycle. This intermediate reaction is essentially saturated by the activity 
of the stage to which substrate is supplied, thus permitting but a nominal 
contribution to the over-all oxygen consumption by subsequent steps in 
the cycle. 

The addition of either hexokinase or large quantities of adenosinediphos- 
phate increases the respiratory rate and simultaneously permits the 
demonstration of malonate inhibition of malate, pyruvate, or citrate 
oxidation at high substrate levels. 

It is concluded that the commonly shared limiting reaction is concerned 
with the transphosphorylating mechanisms linked to substrate oxidations. 
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1. Introduction 


The method of estimating stomatal starch by measuring its area as seen 
in projection was first described briefly by Williams and Spencer (5) and 
later, in more detail and in a somewhat modified form, by Williams (3). 
The values obtained are substantially normally distributed and can be used 
as a basis for statistical operations (Williams, 4); but the method suffers 
seriously from its slowness. The complete drawing and measurement of a 
sample of 20 stomata from an epidermal strip takes from 2 to 3 hours, and 
involves an appreciable strain on the eyes; this seriously limits the scale on 
which experiments in this field can be undertaken. 

It has never been claimed (vide Williams, 3, p. 111) that the results so 
obtained are anything other than a ’score’; but the method has an advantage 
over earlier scoring techniques in that it provides an almost completely 
objective score for individual stomata. We have, however, frequently observed 
that, once the starch has been drawn under the microprojector, it is possible 
to guess the area — admittedly very approximately, but with sufficient 
accuracy to enable us to detect any serious error in the subsequent plani- 
meter measurement. It therefore seemed possible that a simpler scoring 
technique might be devised which dispensed altogether with the necessity 


for drawing; and this communication describes and analyses such a tech- 
nique. 
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10 


Figure 1. Photomicrographs of stomata with appropriate scores. 


She sasthod 


An epidermal strip, taken as usual and stored in absolute alcohol until 
required, is mounted in Heath’s reagent (Heath, 2) and examined under a 
microscope fitted with a moving stage and a ‘/,,” oil-immersion lens. The 
observer examines the stomata in turn and allots to each a score between 
1 and 10. The method of scoring (which was devised by F.A.B.) is unusual 
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Table 1. Description of scoring method, and comparison with measured areas. 


1 2 3 4 5 
a ss M a ei calculated from 
Score Deseription easured areas polynomial 

1 No visible starch. EL Te 5.8 134 

9 | Small grains, very scattered, just hı2, 14, 17, 19, 27, 31.| 20.0 149 
visible. 

3 { Small grains, seattered, clearly vi- 120, 24, 25, 30, 31. 96.0 99.7 
sible. 

4 {| Small denser grains, uneven distri-| 35, 36, 37, 38, 42, } 39.9 36.4 
bution. 44, 47. 

5 {| Mixed small and larger grains, un-| 55, 56, 58, 59, 61, | 60.3 56.0 
even distribution. 65, 68. 

Large grains, all with broken ap- 

6 pearance; some small grains; sparse |/63, 68, 79, 81, 82, 86.| 76.5 | 81.6 | 
in places. | 
Some large unbroken grains others |gg 99, 106. 110. 118 

7 with broken appearance; fairly even 125, 130, 131, 141. \115.7 113.1 | 
distribution. 

Large unbroken grains appearing in| 104, 127, 129, 131, : | 

s { groups, uneven. 132 14172142, 146. 131.5 150.6 

9 | Large groups of starch with gaps. 158, 204, 227, 231. | 205.0 193.9 

10 Both guard-cells full of stareh. 126 2372 201, 264 245.0 213.2 


in that it is essentially morphological in nature, and is therefore probably 
less subjective and less individual than is commonly the case. The scores 
and the descriptions used in allotting them are given in the first two columns 
of Table 1. A set of 10 photographs of 'typical’ stomata is shown in Figure 1. 
With a little experience, 100 stomata can be scored in about 5 minutes. 


3. Comparison with the direct method 


A scoring system is of little use if it cannot be related to existing methods 
of measurement. We have therefore compared the two methods as follows: — 
An epidermal strip was mounted in the microprojector in the usual way, 
and the image projected on to a card close to the drawing prism so that it 
appeared at approximately the same magnification as would be obtained by 
viewing it direct under the microscope. The image was then projected at the 
usual magnification of 2500 linear diameters, drawn, and its area measured. 
We thus obtained, for any one stoma, both a ’score’ and a measure of its 
area. In all, 60 stomata drawn from five epidermal strips were thus examined: 
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Figure 2. Relationship be- 
tween score and measured 
area, including ranges and 
quadratic of best fit. 
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the areas, classified under their corresponding scores, are given in column 3 
of Table 1, and the mean area corresponding to each score in column 4. It 
should be noted that under this very high magnification starch grains can 
ve recognised that are virtually invisible by direct examination; this is the 
explanation of the areas obtained from stomata which had been scored as »1» 
(i.e., no visible starch). 

When these mean areas are plotted against the scores, we obtain the graph 
shown in Figure 2. The vertical limits associated with each point are not 
fiducial limits, but the extreme range of each set of contributing observations; 
as we had suspected, the range increases with increasing score. It is im- 
mediately clear that the points fall close to a smooth curve; the particular 
curve which has been drawn in is discussed below. It is clearly vitally 
important to ascertain the type of relationship represented by this curve, and, 
preliminary investigation having shown that exponential or logarithmic 
curves were unsuitable, we decided to investigate simple polynomial rela- 
tionships. We first plotted (a) the square root, and (b) the cube root of the 
area against the score, the two resulting graphs being given in Figure 3. 
The regression lines are 
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AREA 


5 10 SCORE 5 10 SCORE 


Figure 3. Relationship between score and (a) square root of measured area, (b) cube root 
of measured area. (For equations of regression lines, see text). 


(square root) y=1.420x + 0.892 
(cube root) y=0.471x+1.527 


and these have been drawn in in the figures. It is clear that either would give 
-a remarkably good fit, and it is desirable to have some means of comparison. 
In the circumstances we have therefore fitted a polynomial direct to the 
original data, using the orthogonal method of Fisher (1) which enables 
successive terms to be fitted progressively and tested for significance at each 
stage. It was found that the reductions in residual variance resulting from 
fitting constants up to and including the quadratic term were large and highly 
significant; but the cubic term, though it of course provided a better fit, was 
not associated with a significant reduction in residual variance. There is, 
therefore, no justification in fitting a curve of higher order than the quadratic; 
and the quadratic of best fit is in fact 


y =17.214—7.068x + 2.967x? 


It is this curve which has been drawn in in Figure 2; and the theoretical 
values, calculated from the equation, of the areas corresponding to the scores 
are given in column 5 of Table 1. It is, incidentally, evident that the score 
»8» requires some slight revision; there has apparently been a tendency to 
score a certain number of stomata as »8» which should in fact have been »7>. 


ESTIMATION OF STOMATAL STARCH 231 
4. Combination of scores 


The obvious method of combining scores is to subject each to the trans- 
formation given by column 5 of Table 1, and then to find the mean of the 
resulting values. It was considered desirable to compare the mean value thus 
obtained with that obtained by the direct method. In the case of two dif- 
ferent strips, therefore, ten stomata were both scored and measured; the 
resulting means are given in columns 2 and 3 of Table 2. In view of the small 
size of the sample, in which one mis-score might affect the result appreciably, 
the agreement is extremely good. 


5. Statistical considerations 


Is it possible to use the scores for statistical analysis without transforming 
them into areas? We are unable to give an authoritative answer to this 
question. If, as claimed by one of us (Williams, 4), the measured areas are 
normally distributed, the scores cannot be; but a reliable comparison between 
the two distributions is hardly possible with the size of sample available for 
study. Since neither distribution is markedly skew, we are obliged to compare 
the kurtoses; and calculation of the second Pearson coefficient (B,) for four 
sets of 100 scores, each from a different strip, gave values of 2.24, 2.41, 2.68 
and 2.82. This might suggest that the scoring distribution is consistently 
platykurtic; but the results previously published by the senior author for 
measured area are no less so. In the circumstances we can only express a 
personal preference, and our present practice is to transform scores into 
corresponding areas; but we may well change our views with further 
experience. 

A valuable feature of the method is that it enables the experimenter to 
work with a much larger sample than is feasible with the direct method. 
During the experiment in which 10 stomata were both scored and measured 
(section 4 above), a further 40 stomata were scored for each strip; the mean 
area corresponding to all 50 stomata in each strip is given in column 4 of 


Table 2. Combination of scores, and comparison of mean with measured areas. 


urn mean area mean area mean area 
pope. (direct method) | (calculated from scores) | (calculated from score of 50) 


1 2 3 li 4 
nh NE a Sa a ee ee TELE SAS 
| 


1 118.6 125.0 | 119.2 
Er 46.4 41.1 | 58.6 | 
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Figure 4. Independent estimates of starch obtained by scoring (large sample) and measuring 
(small sample) the same strip. For discussion see text. 


Table 2. While agreement is good in one case, it is extremely poor in the 
other; and there can be little doubt that the mean based on the larger sample 
is the more reliable. As a matter of interest, we have scored 100 stomata in 
each of 20 strips that had formerly been measured; the measurement had 
been carried out on only 20 (or in some cases only 10) stomata, and there 
is of course no correspondence between stomata scored and stomata 
measured. The results are shown as a scatter-diagram in Figure 4, in which 
the line drawn in is y=x, not a regression line. We believe, for the reasons 
outlined above, that the scored results are the more reliable; we are reinforced 
in this opinion by their greater tendency to fall into 2 groups (high and low 
scores) than is the case with their measured counterparts, a distribution that 
accords well with the experiments in which these strips were obtained. There 
is, though, a marked tendency for the scored values to be lower than the 
others; and this we are unable to explain. 


6. Summary and conclusions 


We have outlined a simple »scoring» method for the estimation of starch 
in the stomata of Pelargonium. The scores can be simply transformed into 
areas such as would have been obtained by the direct method previously 
described, and are in good agreement with results so obtained. The method 
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is extremely rapid, and promises to enable us to carry out with ease experi- 
ments in the metabolic relationship of stomatal starch that would otherwise 
have been quite impracticable. 


The authors are much indebted to Professor L. J. Audus, of Bedford College, 
London, for the loan of a microprojector; to Dr. G. R. Lane of the Botany Depart- 
ment, University of Southampton, for assistance in obtaining the photographs in 
Figure 1; and to Mr. F. J. Moody of the University Botanic Garden for the provision 
of the Pelargonium plants. 
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Introduction 


Naturally-occurring inhibitors of plant growth have been shown to be 
given off by the roots of various plants (Davis, 1928; Bonner and Galston, 
1944), and to be present in cotyledons of Nasturtium and various crucifers 
(Stewart, 1939), corn grains and tomato fruits (Larsen, 1939), potato tubers 
(Hemberg, 1947), beet seed (Duym, et al., 1947), Fraxinus buds (Hemberg, 
1949 b), apple pollen (Larsen and Tung, 1950), and in leaves of numerous 
species of plants (Bode, 1939; Snow, 1939; Linser, 1940; Gray and Bonner, 
1948; Leopold, et al., 1952). Larsen (1947) demonstrated the inhibitory effects 
of parasorbic acid and anemonin on growth of the Avena coleoptile. Ger- 
mination-inhibiting substances have been extracted from a great number of 
plant materials (cf. Evenari, 1949). The present paper is concerned with a 
growth inhibitor found in the leaves of cocklebur, Xanthium pennsylvanicum, 
and with separation of auxin from this substance. 


Materials and Methods 


One hundred grams of young, fully-expanded leaves was secured from 
vegetative cocklebur plants grown in pots in the greenhouse. The leaves were 
extracted immediately at 0° C with 100 ml. peroxide-free diethyl ether for 
4 hours after being cut into small pieces. At the end of the extraction period 
the ether was poured off, and the pieces were rinsed 3 times with 15 ml. 
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fresh ether, the portions of rinse ether being combined with the extract. The 
juice which collected at the bottom of the extraction flask during the extrac- 
tion was then poured off into a separate flask, and the leaf pieces were 
rinsed 4 times with 10 ml. distilled water. These water rinsings were com- 
bined with the exuded leaf juice. 


Fractionation of Ether Extract 


The ether extract was fractioned into a non-acidic, growth-inhibiting frac- 
tion and an acid fraction by reducing it in volume to about 30 ml. on a water 
bath and then shaking it out 3 times for 4, 3, and 2 minutes with 9 ml. 
distilled water plus 1 ml. 8 per cent NaHCO, each time. The ether was then 
further condensed, diluted with pure ether to 25 ml. in a volumetric flask, 
and designated as the non-acidic fraction. The 3 portions of water were 
combined, acidified with 5 ml. 15 per cent tartaric acid solution, and shaken 
out 3 times with 30 ml. ether. These portions of ether were combined, con- 
densed, diluted to 25 ml. in a flask, and designated as the acidic fraction. 


Fractionation of Juice 


The juice which exuded from the leaves was separated into a non-acidic 
and an acid fraction by making it alkaline with 3 ml. 8 per cent NaHCO, 
and shaking it out with ether three times to secure the non-acidic fraction 
in the ether. The aqueous phase was then acidified with 5 ml. 15 per cent 
tartaric acid and again shaken out with ether to secure the acid fraction. 


Chromatographic Separation of Inhibitor and Auxin 


A chromatographic column of Al,O, was also used in the separation of 
the inhibitor and auxin in an ether extract of leaves (cf. Linser, 1951). The 
ether extract was put through a 0.911 cm. column under suction. The 
filtrate which passed through the column contained the inhibitor. Auxin 
adsorbed on the Al,O, was eluted from it with 1/100 N KOH solution and 
recovered from the latter by acidifying it with 1/100 N HCl and shaking out 
with ether. 


Determination of Inhibitor Activity 


An ether extract which was not fractioned was condensed on a water 
bath and diluted to 25 ml. in a volumetric flask. Portions of this concentrated 
extract were then pipetted out and combined with IAA (indoleacetic acid) 
in agar. The inhibitory effect of the extract on the growth-promoting action 
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of IAA was then determined using the Avena coleoptile test with water-grown 
plants. The agar blocks were left on the test plants for 2 1}, hours. Inhibition 
of growth by the non-acidic fraction of the raw ether extract, by the non- 
acidic fraction of the juice, and by the filtrate from the chromatographic 
column was studied in a like manner. 


Results 


Growth Inhibitor 


Extracts of the leaves made at 0° C were found to contain large amounts 
of a substance which inhibits the action of IAA in the Avena curvature test. 
An amount of extract corresponding to less than 0.2 g of leaf tissue (fresh 
weight) will impair the curvature-inducing capacity of 0.1 ug IAA in 2 ml. 
agar (50 g/liter). Figure 1 shows the effect on the curvature of adding various 
amounts of ether extract to various amounts of IAA. It can be seen that 
increasing the amount of inhibitor reduces the growth-promoting effect of 
IAA rapidly. The lowest concentration of the inhibitor added to each con- 
centration of IAA increased the curvature over that of the IAA alone. This 
is shown in detail in Figure 2 b for very low concentrations of the inhibitor 
obtained from juice. It is remarkable that the extract increases the curvature 
induced by the supramaximal 200 ug IAA/liter. 

Preliminary studies of the nature of the inhibitory substance show that it 
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Figure 2. a. Effect of various q 50 
amounts of non-acidic fraction 
of exuded juice of cocklebur lea- 
ves on the curvature-inducing ca- 
pacity of 50 ug IAA per liter agar. 
Each unit on the abscissa cor- 
responds to 0.4 grams of fresh 
leaf tissue. 

b. Synergistic effect with 50 ug 
IAA per liter agar of low concen- 
trations of a non-acidic fraction 
similar to that used in a. 
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is soluble in ether, ethanol, benzene, and water, but not in petroleum ether. 
It is unaffected by being heated at 100° C for three hours. Boiling for one 
hour in 1/100 N HCl did not affect the activity of extracted material, but 
diminution of activity resulted from boiling in 1/100 N KOH for the same 
length of time. 

Attempts to remove the substance from ether solution by shaking the 
solution with acidic or alkaline water were not successful, indicating that 
the substance is neutral in character. In ether solution it passes through 
chromatographic columns of Al,O, and of powdered sugar. It is stable in 
ether solution for at least two months. 


Auxin 


The maximum yield of auxin obtained from the juice exuded by the leaves 
during a 4-hour ether extraction at 0° C was 0.13 ug-equivalents TAA/kg. 
fresh weight. No auxin could be detected in the acid fraction of any ether 
extract. After a 19-hour extraction of 20 g. fresh leaves at 24° C, 8.2 ug-equi- 
valents IAA/kg. fresh weight were recovered from the ether by the chromato- 
graphic method. However, no auxin could be detected after 4 hours of extrac- 


tion at 0° C. 


Discussion 


The synergism of the ether extract and of the non-acidic fraction of juice 
with IAA in promoting growth is of considerable interest. This activity is 
equally in evidence at the supra-maximal 200 ug/liter and at lower concentra- 
tions of IAA, and it is noteworthy that approximately the same stimulation 
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is found at the 25, 50, 100, and 200 ugjliter concentrations, the curvatures 
in all cases being increased by 6 to 9 degrees. Similar stimulatory effects at 
low concentrations have been noted with coumarin (Thimann and Bonner, 
1949), caffeic and ferulic acids (Hemberg, 1951), chelidonic acid (Leopold, 
et al., 1952), and inhibitor from potato tubers (Hemberg, 1949 a) and Fraxi- 
nus buds (Hemberg, 1949 b). 

Roughly twice as much ether extract is required to inhibit completely 
0.05 ug IAA (25 ugiliter) as 0.025 ug (12 '/, ugiliter), and similarly twice as 
much is required for 0.1 ug (50 ugjliter) as for 0.05 ug (25 ugjliter), but at 
the higher concentrations such a relationship does not hold. 

The data suggest that the inhibitory substance in the juice and in the ether 
extract of the leaves are different. With the ether extract less than 20 times 
the stimulatory amount produces complete inhibition of 50 ugjliter IAA, 
while with the non-acidic fraction of the juice over 50 times as much is 
required (Figures 1 and 2a). 


Summary 


1. A growth inhibitor may be extracted with ether from leaves of cockle- 
bur, Xanthium pennsylvanicum. 

2. The substance in low concentration has a synergistic effect with IAA 
on Avena coleoptile curvature, increasing even the curvature induced by 
supramaximal amounts of IAA. 

3. A similar substance is present in the juice which exudes from the leaves 
during the ether extraction. This substance requires about 50 times the 
stimulatory concentration to inhibit completely 50 ug/liter IAA, while the 
substance in the ether extract requires less than 20 times the stimulatory 
amount to produce the same effect. 

4. The substance in the ether extract is soluble in ethanol, benzene, and 
water, but not in petroleum ether. It is stable to heat and acid, and partially 
so to base, and is neutral in character. 

5. Auxin may be recovered from juice and from ether extract of leaves. 


The writer wishes to acknowledge the kindness of Mr. A. Karim Khudairi in 
supplying the plant material used in this study. 
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In an earlier paper (Levitt, 1947), it was shown that assertions of the 
existence of a difference of several atmospheres between the osmotic poten- 
tials of the protoplasm and vacuole of plant cells were based on misinter- 
pretations of experimental results. In order to determine whether the concept 
was sound (even in the absence of any reliable experimental evidence in its 
favor) the thermodynamics of the postulated process were considered. This 
led to the conclusion that the energy requirements were too great for the 
respiratory supply of energy. Enough energy was available for a maximum 
of about 1 atm. difference between the osmotic potentials of the protoplasm 
and the vacuole. 

Objections have been raised against the above conclusions. Bennet-Clark 
(1948) accepted the equations and calculations but objected that the value 
used for cell permeability to water was 100—1000 X too high! This objection 
was shown to be based on his erroneous interpretation of some earlier results 
by Huber and Hôfler (Levitt, 1951). Under Bennet-Clark’s direction, Myers 
(1951) attempted to prove that the objection is valid. Recently, Spanner 
(1952) has also objected to the above conclusions. It is interesting to note 
that all these objections have been raised solely against the thermodynamic 
calculations. None of the above investigators has raised any objection to the 
experimental evidence that proved that Bennet-Clark’s conclusions were 
based on a misinterpretation of his results. Thus, their stand is apparently 
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that in spite of the lack of experimental evidence in its favor, the concept 
is theoretically plausible. 


The author feels that there is seldom anything to be gained in the scientific 
field by launching into lengthy polemics, since the issue will ultimately be 
settled only by fresh, conclusive evidence. It is, therefore, with some mis- 
givings that he has penned this reply. However, Spanner’s objections are so 
clearly based on a misunderstanding of the above paper, that others, too, 
may have failed to grasp the point. Furthermore, others (e.g., Bonner and 
Bandurski, 1952) have developed extensive theories on the assumption that 
the concept of active water absorption is sound. The purpose of this reply 
is therefore to spell out a little more clearly what the above paper was meant 
to show and to explain why the objections to it are completely untenable. 


Spanner’s first objection is based on the astounding suggestion that the area used 
in the above calculations should be the area of the section rather than that of the 
cell. The equation referred to was developed to calculate the energy needed for the 
maintenance of a higher osmotic potential in the protoplasm than in the vacuole of 
a single cell (as asserted by Bennet-Clark et al. 1936 and by Mason and Phillis, 1939). 
Due to the consequent difference between the vapor pressures in the protoplasm 
and the vacuole, water would tend to diffuse from the protoplasm to the vacuole, 
and the area across which diffusion would occur could only be the interface between 
the protoplasm and the vacuole. A glance at a beet cell (used by Bennet-Clark) 
immediately reveals that the colored vacuole occupies practically the whole cell, and 
therefore the area involved is, to all practical purposes, equal to the surface area of 
the cell. Consequently, Spanner’s objection is based on a complete misunderstanding 
and is quite invalid. Myers’ (1951) careful measurements of beet cells showed that 
the value used by Levitt (1947) for the specific area of the beet cells (and which at 
the time was admitted to be a deliberate underestimate) is only 40 °/o of the correct 
value. Consequently, the energy needed for the postulated »secretion pressure» of 
Bennet-Clark as calculated by Levitt is actually an underestimate. and should be 
multiplied by 21/2. It was clearly stated (Levitt, 1947), that when the postulated 
»active potential difference» was between a tissue or organ and its environment, 
a much smaller specific area was involved. Consequently, it was concluded that van 
Overbeek’s (1942) evidence of active water absorption by roots provided the one 
and only case that could be considered plausible on a thermodynamic basis. 

Spanner’s second criticism is that the free energy of glucose should have been 
used in the above calculations rather than the heat of combustion. Since he himself 
admits that the difference between these two values is negligible in such calculations, 
no more need be said about this point. 

His third criticism is that Bennet-Clark (1948) and Myers (1951) have questioned 
the permeability value used in these calculations. As mentioned above, Bennet- 
Clark’s criticism has already been shown to be based on a misinterpretation. 


Yet Myers attempted to prove, by direct measurement, that the permeability of 
the unplasmolyzed cell is indeed much less than that of the plasmolyzed cell. The 
1 


1 5 
value he obtained instead of being 100 1000 that used by Levitt (as expected by 
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Bennet-Clark, 1948) was actually of this value. On the other hand, the value 
obtained by him for the plasmolyzed beet cell was of the same order as Levitt’s. He 
explains this supposed difference between the permeability of plasmolyzed and 
unplasmolyzed cells as due to water movement only through those parts of the cell 
surface apposed to pores in the cellulose wall. It is not clear to this writer why the 
cell wall should not offer the same resistance to water movement in plasmolyzed 
cells. When, however, the method used by Myers is considered, the results are 
readily understood. 


Instead of working with sections of tissue one or two cells thick, Myers used 
slices some 10—40 cells thick. Anyone who has observed plasmolysis under the 
microscope is aware of the fact that the internal cells of sections several cells thick 
plasmolyze more slowly than the surface cells. This is obviously at least partly due 
to the appreciable time required for the plasmolyte to reach the internal cells. Yet 
Myers concludes that no such lag occurs in a slice 10—40 cells thick! His own figures 
prove that the results by this method are controlled by such an error. On the basis 
of his average value for permeability (0.7 w/hr./atm.), the water could not possibly 
move through the living cells the distance from the middle cells to the external 
solution (100—400 u) within the time of the experiment (1—1 1/2 hrs.). Consequently, 
the only water movement from internal cells to external solution must be via the 
cell walls. Of course, the much slower diffusion of the non-penetrating plasmolyte 
from the external solution to the internal cells must also be along the cell walls. 
And due to the zigzag path available, the actual distance must be at least double the 
direct distance. More important, the area across which such diffusion occurs is 
reduced to less than 5 per cent of the surface of the section. 


Consequently, Myers’ value for permeability is based on a time measurement that 
includes this lag which is in no way related to the permeability of the protoplasm. 
Furthermore, if his hypothesis of movement only through the pores in the walls 
has any validity, this diffusion laterally through the walls should not occur at all 
since it is in a direction at right angles to the pores. 


Fortunately, the whole problem is obsolete, since it has already been disposed 
of by several workers. Huber and Schmidt (1933) found (in agreement with earlier 
workers) that in the case of Rheo, plasmolysis produces little effect on the perme- 
ability to glycerine and urea. In the case of other plants it definitely does affect the 
rate but always by reducing permeability. Schmidt (1936) records the same results. 
What is true of permeability to these two substances is very likely to be true of water 
permeability as well. But direct determinations have been made. As mentioned 
previously (Levitt, 1951), Huber and Hôfler (1930) showed that the permeability 
to water of the cells they were investigating was unaltered by plasmolysis. This was 
indicated by the fact that the curve representing the time-course of plasmolysis 
showed no change on transition from the unplasmolyzed to the plasmolyzed state. 


Palva (1939) found that the permeability to water of the internodal cells of the 
leaves of Tolypellopsis stelligera was about 3 X the value obtained by Levitt et al. 
(1936), even though the method used did not involve any plasmolysis. He also points 
out that the values found for animal cells (which do not plasmolyze) fluctuate above 
as well as below this value. Even among the four values cited by Myers, the one 
with Fucus eggs (Resühr, 1935) is a good example of a determination of water 
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permeability without plasmolysis. Finally, Rosene’s measured speeds of water uptake 
by root hairs (see below) would he quite impossible if Myers’ value were correct. 


On the basis of all these investigations, the value chosen by Levitt (1947) 
is, if anything, on the low side and probably gives an underestimate of the 
energy required for the postulated active water absorption. These calcula- 
tions led to the conclusion that the respiratory rate of beet cells was only 
2.5 X that required for the active absorption postulated. Spanner suggests 
that this is quite adequate. He fails to note that the respiratory rate referred 
to was not the normal one but the maximum found by Bennet-Clark and 
Bexon (1940) which occurred temporarily due to stimulation by plasmo- 
lysis. Even this abnormally high rate is 2.5 X the required rate only if one 
assumes a) 100 per cent efficiency in the utilization of respiratory energy 
and b) no energy utilization by all other energy-consuming processes in the 
cell. He also fails to understand that the conclusion that »the beet would 
respire all its dry matter in less than three months» assumes that all the 
dry matter is respirable. Obviously, not more than half the dry matter 
(probably much less) is respirable, and death would set in long before even 
this was completely used up. Consequently, the beet would actually respire 
itself to death within a small fraction of the above-mentioned three-month 
period, if Bennet-Clark’s results were correct. Furthermore, on the basis of 
Myers’ correction for specific area (see above), even the above overestimate 
of 3 months should be changed to about 1 month, and the beet would actually 
respire itself to death in a very few days. In view of all these facts, Spanner’s 
conclusion that »the respiratory energy of Bennet-Clark’s samples is quite 
adequate to maintain a suction pressure of the order he found» is obviously 
completely untenable. 


Spanner states that »the theoretical basis of (Levitt’s) equation . . . is hardly 
sound ... and that the energy expenditure actually involved may be anything down 
to zero.» This statement is based on the argument that »the actual movement of 
water . .. will be due to the turgor pressure superimposed on that caused by the 


electrical forces.» The turgor pressure is not involved in the cases considered by 
Bennet-Clark and by Mason and Phillis, since both the protoplasm and the vacuole 
of an individual cell are equally affected. Furthermore, he apparently feels that 
the postulated electrical forces are self-generating and need not be dependent on a 
conversion of respiratory energy. In other words, he is offering us a perpetual 
motion machine! Other workers besides Spanner have made use of the difference 
in [H+] between the cell and its environment in their theories but have clearly 
understood that if this potential is converted into work it can be maintained only 
by the expenditure of respiratory energy. 

Spanner further argues by means of an analogy that »permeability measurements 
on the model would give the rate at which the water column would move if a 
pressure be applied at one end; what is wanted in order to calculate the energy 
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expenditure is the rate at which the particles are falling.» This argument again 
reveals a failure to grasp the purpose of the equation used above. This equation 
actually calculates the diffusion energy that would be used to drive the postulated 
»actively absorbed» water out of the cell. This, according to the first law of thermo- 
dynamics, is the minimum amount of energy needed to maintain the steady state 
by an oppositely directed continuous active absorption. Spanner’s objection merely 
emphasizes that the »active mechanism» is not likely to be 100 per cent efficient 
and would therefore require more energy than this minimum. 


In view of the above facts, the cell cannot supply enough energy to main- 
tain an appreciable difference in osmotic potential between the protoplasm 
and the vacuole. No other conclusion is tenable. 

In all fairness, however, Spanner’s »mechanisms» do not really deal with 
the kind of systems postulated by Bennet-Clark and by Mason and Phillis. 
He attempts to explain not a difference in osmotic potential between proto- 
plasm and vacuole but one between a cell and its environment. As already 
mentioned above, van Overbeek has given evidence for such a difference 
between the vascular sap of roots and the external solution. It is interesting 
to note that recent evidence throws doubt on the validity of even this case. 
Thus, van Nie et al. (1950) were able to confirm van Overbeek’s results, 
though due to an improved technique they obtained maximal values of only 
0.5 atms. instead of the 1.0—1.5 atms. obtained by him. Even this small 
value they are able to explain just as logically without any assumption of 
active water absorption. 


It should be clearly realized that one can postulate three main modes of 
dependence of water absorption on respiratory energy. a) Absorption is due 
to diffusion as a result of an osmotic potential difference between the cell and 
its environment. The higher potential of the cell will depend either on sugar 
synthesis in the cell or on translocation of solute to the cell along a diffusion 
gradient. Both of these processes may under certain conditions require some 
respiratory energy. b) Absorption is due to diffusion as in a), but this time 
the higher osmotic potential in the cell is maintained by active absorption 
of salts or sugars, which is dependent on respiratory energy. c) Absorption is 
against a diffusion gradient, due to a »pumping» of the water at the expense 
of respiratory energy — i.e., active water absorption. From the evolutionary 
point of view, even if a mechanism for active water absorption were developed 
and enough energy were available, it seems hardly likely that a plant using 
such a wasteful process could compete successfully with a plant that used 
the other two methods, involving, as they do, much smaller energy expendi- 
tures. 
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Similarly, the fact that oxygen (and, therefore, presumably respiration) 
is often required for, or increases water absorption (Rosene, 1950), is more 
logically explained by the need of oxygen for the well-established active salt 
absorption (either from the root medium or from cells other than those 
involved in water absorption, rather than by a need for the postulated but 
unestablished active water absorption. 


Thus, Rosene (1950 a) obtained values of 4.46 to 1.16 u®/u?/min. for the velocity 
of water influx into root hairs immersed in Hoagland’s solution. Older root hairs 
gave values of 1.94 to 0.47 u#/u?/min. Since the root hairs were left in the solution 
for 30—40 minutes to equilibrate before measurements were taken, osmotic equi- 
librium would normally be expected. In fact, since the roots were grown on moist 
filter paper before the transfer, any lack of equilibrium would be in the wrong 
direction. Consequently, there are two possible explanations for her results. (1) Since 
the root hairs were able to maintain this rate of absorption only under conditions 
of adequate oxygen supply (Rosene, 1950 b), this would be a case, par excellence, 
of active water absorption, according to proponents of the concept. Therefore, the 
values would represent a net absorption — i.e., an excess of active absorption over 
diffusion out of the cell. The total rate of active absorption would have to be much 
larger than this, and the energy expended by the cell would be much more than the 
above values which were calculated for the simple maintenance of an osmotic 
potential difference without any absorption. (2) Since the root hairs were in Hoag- 
land’s solution, solutes were actively absorbed when oxygen was available. This 
active absorption of solutes was presumably rapid enough to maintain an osmotic 
potential difference between the root hairs and the medium and thus to result in a 
passive diffusion of water into them. The energy required would be only a very 
small fraction of the amount needed for active water absorption because: a) much 
smaller quantities of substance are involved and b) the permeability of the cell to 
these solutes is of the order of one thousandth that of the permeability to water 
(Levitt, 1947). 

Even on the basis of explanation (2), the average rate obtained by Rosene for very 
young roots would require a sufficiently rapid rate of absorption of solutes to main- 
tain an osmotic gradient of 8 atms. (or 160 atms. using Myers’ value for perme- 
ability!). This is itself phenomenal and would require the expenditure of large 
amounts of energy. On the basis of active water absorption, the energy requirements 
would be utterly fantastic. Of course, it is quite possible that the permeability of 
root hairs to water is considerably higher than that of the cells used by the above 
investigators. This would lower the osmotic gradient required due to active solute 
absorption but would increase the energy needed if active water absorption were 
involved. 


Thus in the above cases water absorption must be only indirectly de- 
pendent on metabolic energy, due to the need of energy for solute absorption 
or for translocation or synthesis of solute; and the absorption of water can 


only be a passive process. 
Yet Spanner has proposed electroosmotic mechanisms to explain the 
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hypothetical active water absorption. In view of the simple thermodynamics 
of the process, any serious consideration of such »mechanisms» is like con- 
sidering schemes for perpetual motion machines. But in order to complete 
the picture, it might be as well to examine briefly the experimental evidence, 
such as it is, for electroosmosis in plant cells. 


Brauner (1945) obtained electroosmotic effects in an artificial system when 
extremely low concentrations were used (0.001—0.01 M). Following up these results, 
Brauner and Hasman (1946, 1947) obtained a reduction in water uptake from 
CaCl, and MgCl, solutions as compared with the uptake from solutions of sucrose 
and K salts of the same osmotic potentials. They concluded that the resulting dif- 
ferences in »suction potential» (varying from a fraction of an atmosphere to as high 
as 4.5 atms.) represented anomalous osmosis; and since they were essentially obtain- 
able only under aerobic conditions, an active process is implied. 


They explain their results as due to a discharge of the membrane by the divalent 
Ca++ and Mgtt, resulting in a removal of the electroosmotic component of the 
»suction potential». However, one would expect this effect to be instantaneous, yet 
they were able to obtain their larger values only after relatively long periods of time 
(3 hrs.). Since the tissues were aerated, two other processes undoubtedly must have 
occurred: 


a) Active absorption of sucrose and K salts and b) loss of K* in exchange for 
the Ca++ or Mgtt. Both of these changes would contribute to the higher values 
obtained in sucrose and K salts vs. Ca and Mg salts, since the Ca and Mg would 
undoubtedly be precipitated on entering the cells. The fact that very dilute solutions 
of glucose, LiCl, and K,SO, enhanced water absorption over that from distilled water 
would also agree with this concept, though it is difficult to see why they should 
(at least in the case of glucose) if electroosmosis were the cause. Also the fact that 
K,SO, gave values slightly lower than KCl is in agreement with the more rapid 
active absorption of the latter (Hoagland, 1944). 

In opposition to such indirect evidence that has been taken to indicate electro- 
osmis, Blinks and Airth (1951) have recently attempted to determine it directly and 
have shown conclusively that no electroosmosis occurs in the cells they investigated. 
Hasman (1949) also failed to find any relation between the electrokinetic EMF and 
the relative rates of exosmosis and endosmosis. 


The conclusion that active water absorption in appreciable amounts is 
thermodynamically impossible is of paramount importance not simply for 
the problem of water absorption itself but also for other associated problems. 
Thus, the auxin-induced water uptake by potato slices, first described by 
Reinders (1938), was believed by her to be due to an increase in osmotic 
potential. Van Overbeek (1944) and later Levitt (1948) both showed that this 
was not so. Van Overbeek concluded that there were two possible explana- 
tions of the auxin effect: (1) reduced »wall pressure» (i.e. resistance) (2) non- 
osmotic water absorption. Brauner and Hasman (1949), on the other hand, 
obtained results in favor of permeability to water and plasticity of the cell 
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wall as the two important factors. Hackett and Thimann (1952) have followed 
up these results and shown that the effect is reduced or prevented by respira- 
tory inhibitors but were unable to choose between van Overbeek’s two alter- 
native explanations. In either case, however, they concluded that the process 
is mediated through the oxidative metabolism. Bonner and Bandurski (1952) 
have suggested that auxin may serve to couple respiration to the process of 
water accumulation, which they suggest may be an active uptake against a 
gradient. 


The possible role of an effect of auxin on water permeability (suggested by 
Brauner and Hasman, 1949) may be readily evaluated. In order for this effect to 
be responsible for an increased rate of stretch, the rate of diffusion of water into 
the living cells would have to be the limiting factor in the stretch of the tissues and 
the resistance to stretch offered by the walls would be small enough to produce no 
slowdown in water uptake. During the first six hours, they obtained a 15 per cent 
increase in fresh weight in the controls, a 16 per cent increase in the auxin treated. 
The 1 per cent auxin-induced difference is so small as to be accountable by a difference 
in osmotic potential far too small to be measured. Even if the larger differences 
obtained by Hackett and Thimann are considered the same conclusion results. From 
the 2nd to the 4th day (which, however, is the time when Brauner and Hasman 
found that wall plasticity and not water permeability was the factor involved) the 
auxin-induced uptake was nearly 30 per cent. The speed of movement into an 
individual potato cell was therefore: 


0.3X4/3 nr TR 
4nr2X2880 28800 


u3/u?/min. 


Assuming that the potato cells are roughly spherical and have an average diameter 
of about 100 u, this yields a value of 1.7X 103 w/min. 

Now the permeability of a plant cell to water is known to be about 20 p/min./atm. 
(Levitt et al., 1936). But this is the value for a naked cell. The rate is slower in a 
slice of tissue, and according to Myers’ results with beet slices is about 0.7 w/min./atm. 
Thus the osmotic gradient necessary to produce the maximum speed of auxin- 
induced water uptake is only 2.5X10—% atms. This difference is within the experi- 
mental error of the method used; therefore, the auxin-induced uptake is just as 
easily explained by an immeasurably small increase in osmotic gradient as by an 
increase in permeability. The value is still smaller during the first six hours when 
Brauner and Hasman suspect the water permeability to be a factor. However, it 
seems obvious that neither the water permeability nor the osmotic gradient can be 
involved, because the fact that the rate of water movement is so slow indicates that 
the limiting factor is not the diffusion rate of the water but the rate of stretch of the 
cell wall. This seems particularly obvious since the wall has not become plastic 
during this first six-hour period. The auxin-induced water uptake during this period 
may conceivable be due to an increase in elastic rather than plastic extensibility. 
At any rate, there is no direct evidence of a change in water permeability such as 
suggested by Brauner and Hasman. 
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The remaining two explanations of van Overbeek’s can perhaps be more 
readily evaluated on the basis of Hackett and Thimann’s (1952) results, since 
the difference in water uptake between the auxin-treated and the controls 
is greatest in their experiments. They obtained a 60 per cent increase in fresh 
weight in the former, only a 10 per cent increase in the latter during eight 
days. 

If the main effect of the auxin is to induce active absorption of water, then 
we can assume that the physical properties of the cell walls are identical in 
the treated and untreated slices. Since near equilibrium conditions maintain, 
the turgor pressure in the control slices must be practically equal to the 
osmotic potential — i.e., about 8—12 atms. The increased rate of stretch of 
the auxin-treated slices would then be due to a greater turgor pressure as a 
result of active water uptake. If the walls: were simply stretching elastically, 
the 500 per cent increase in rate of stretch would require an increase in 
turgor pressure of 40-—60 atms. But the cell wall has been stretched beyond 
the elastic limit and Hooke’s law no longer holds (Brauner and Hasman, 
1949). Consequently, a considerably smaller increase in the applied force is 
needed. According to the above calculations, an increase in the turgor pres- 
sure of about 1 atm. is the maximum that can be obtained due to active water 
absorption. Thus, a maximum increase in the applied force of about 10 per 
cent would have to account for a 500 per cent increase in stretch! If such a 
relation held, the wall would undoubtedly have reached the point at which 
danger of rupture would occur, and the rate of stretch would increase with 
time. That it has not approached close to this point is indicated by the fact 
that both in the control and in the auxin-treated slices, the rate of stretch 
decreased progressively from the initial maximum attained after two days. 
In fact the control has apparently reached equilibrium since no change occurs 
during the 6th to 8th days. The treated, too, shows such a marked drop in 
rate of stretch that the slope of the curve during the last two days (.42) is 
nearly as small as during the first two days (.30). Yet during at least the 
first six hours, Brauner and Hasman (1949) showed that Hooke’s law does 
hold. 

On the other hand, the shape of the curves agrees with the concept that 
the turgor pressure decreases rapidly (proportional to the increase in r°) 
whereas the resistance of the wall to the stretch decreases very slowly (pro- 
portional to the increase in r). The results agree with what would be expected 
if the treatment caused a maximum increase in cell wall plasticity before 
the end of the 2nd day and no further increase (or perhaps even a decrease) 
after that. That this is what actually happens was proved by Brauner and 
Hasman (1949). By direct measurement, they showed that the auxin-treated 
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slices were more plastically extensible, and that this plasticity reached a 
maximum at the end of 24 hours., then decreased. 


In brief, the available evidence permits us to choose between the two 
possible explanations of the auxin-induced water uptake. We can conciude 
that it is due to an effect on the physical properties of the cell wall and not 
due to an active absorption of water because: 


(1) There is no valid experimental evidence of the existence of active 
water absorption. 


(2) The thermodynamics of the process prove that even if the mechanism 
should exist, only very small amounts are possible (an atmosphere or less). 


(3) Auxin has been proved to affect the physical properties of the cell 
wall in the direction that would explain the results. 


(4) The results with auxin-induced water uptake are quantitatively in 
agreement with what would be expected if due to such an effect on the cell 
wall but. not what would be expected if active water absorption were involved. 


This conclusion leaves one question unanswered. How, then, can the auxin- 
induced water uptake be related to metabolism? Since a plastic (irreversible) 
stretch is involved, the possibility exists that this results from a metabolic 
rupture of the junctures between the micelles in the cell wall — e.g., by 
phosphorylation. That the auxin-induced uptake may also be independent 
of the respiratory process was indicated by Levitt (1948), since KCN failed 
to inhibit it. Hackett and Thimann (1952), on the other hand, were able to 
detect partial inhibition by KCN of their larger auxin-induced water uptake, 
and complete inhibition by use of other inhibitors. The discrepancy may 
possibly be due to the small order of KCN inhibition, which might have been 
within the experimental error of the method used by Levitt. On the other 
hand, the smaller auxin-induced uptake dealt with by Levitt may possibly 
have been due to an effect of the auxins on the elastic stretch of the cell 
wall, the larger difference dealt with by Hackett and Thimann due to an 
effect on the plastic stretch. This agrees with the fact that Hackett and Thi- 
mann’s control slices absorbed water only to the extent of 10 per cent of their 
fresh weight, whereas Levitt’s controls absorbed water to the exient of 
50 per cent of their fresh weight. Thus, Hackett and Thimann’s »improved» 
method consisted essentially in choosing a variety of tuber that had either 
more rigid cell walls or a lower concentration of natural auxin in their 
tissues. On the basis of this concept, though the major effect of the auxins 
is due to a metabolically-controlled increased wall plasticity, there may also 
perhaps be a much smaller, non-metabolically controlled increased elastic 
extensibility. Evidence for both of these effects has been obtained by several 
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investigators (Heyn, 1940). The small auxin-induced uptake before any in- 
crease in wall plasticity (Brauner and Hasman, 1949) may be evidence of an 
effect on elasticity. 

Whatever the actual mechanism, in the light of all the above evidence any 
connection between auxin-induced water uptake by potato slices and meta- 
bolic effects of auxin must be due to a connection between the latter and 
auxin effects on the properties of the cell wall. 

In conclusion, it should be pointed out that the main argument for an 
active absorption of water is the analogy with the proven active absorption 
of solutes. But this very argument is completely illogical. The two are actually 
mutually exclusive. If there is an absorption of solutes against a diffusion 
gradient, this automatically produces the correct gradient for diffusion of 
water. If there is an absorption of water against a diffusion gradient, this 
automatically produces a positive gradient for diffusion of solutes. Conse- 
quently, the well-established active absorption of solutes rather than being 
an argument in favor of active absorption of water actually excludes this 
possibility. Thus, in spite of the current popularity of the concept of active 
water absorption, there is not a shred of evidence in its favor. On the con- 
trary, all the evidence from every point of view is distinctly opposed to the 
existence of any active water absorption. Any theories based on the concept 
are therefore untenable. 


Summary 


1. Earlier calculations by the author showed that active water absoiption 
as postulated by Bennet-Clark and by Phillis and Mason is thermodyna- 
mically impossible. Maximal »secretion pressures» of the order of one 
atmosphere are possible. 

2. Spanner’s objection that the area used in the above calculations is too 
large, is shown to be due to a complete misunderstanding of what was 
calculated. Myers’ measurements showed that the area used was actually 
too small by a factor of 2.5. Therefore, the maximun possible amount of 
actively absorbed water is actually only ?/, of that calculated by Levitt. 

3. Bennet-Clark’s objection that the value for water permeability used in 
the above calculations is 100—1000 X too large is due to a misinterpreta- 
tion of Huber and Hôfler’s results. Myers’ measurements indicating values 
20 X as high in plasmolyzed as in unplasmolyzed cells are due to the 
time lag in diffusion into the thick sections used for the latter measure- 
ments. The results of other investigators are reviewed, all of which show 
that plasmolysis does not increase water permeability. 
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4. Spanner’s objection that the energy expenditure involved may be anything 
down to zero is simply due to a misunderstanding of what was calculated. 
His objections simply lead to the conclusion that energy values greater 
than those calculted are probably necessary. 


5. The fact that water absorption is dependent on oxygen is shown to be 
more logically explained by other metabolically-dependent factors rather 
than by active water absorption. Thus the speed of water uptake by 


oxygen-dependent root hairs is far too great to be accounted for by active 
water absorption. 


6. Electroosmotic »mechanisms» proposed by Spanner are thus thermo- 
dynamically impossible. Direct experimental evidence also indicates that 
no electroosmosis occurs in plant cells. 


7. Auxin-induced water uptake cannot be due to either a permeability change 
or to an active absorption of water. Direct tests show that it is associated 
with an increased wall plasticity and the course of the absorption is what 
would be expected if this were the cause. The change in plasticity may 
conceivably be dependent on oxidative metabolism. 
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Transpiration et photosynthèse chez un xérophyte 
mésomorphe 


par 
FRODE ECKARDT 


Station Internationale de Géobotanique Méditerranéenne 
| et Alpine, Montpellier 
(Reçu le 19 Décembre 1952) 


La diversité morphologique des xérophytes compte parmi les problèmes de 
l'écologie qui ont soulevé le plus de controverses. La présence de plantes 
mésomorphes dans des stations très arides, et de xéromorphes dans des sta- 
tions humides pose des questions quant à la signification de leurs particulari- 
tés structurales. 

En émettant la théorie de l'utilité des caractères xéromorphes. Schimper 
(12) ‘avait laissé inexpliqué un problème: celui des xérophytes mésomorphes. 
En effet, si la structure xéromorphe confère aux végétaux une grande rési- 
stance transpiratoire, susceptible dans certain cas de diminuer leurs pertes 
d’eau, la résistance du groupe mésomorphe devrait résulter ou d’une grande 
capacité de desséchement, ou d’une faculté d'absorption d’eau particulière- 
ment efficace. Un grand interêt s’attache donc au fonctionnement vital des 
mésomorphes des régions sèches, dont l’étude peut contribuer à la compré- 
hension de la résistance des xérophytes dans leur ensemble. 


Dans un travail précédent (5) nous avons étudié les rapports entre le com- 
portement physiologique et la grandeur des feuilles chez les xérophytes, sans 
cependant faire état des questions du xéromorphisme, la définition de ce 
groupe morphologique étant très difficile; ainsi d’après l’acception de Tho- 
day (21) le terme »xéromorphe» embrasse l’ensemble des traits habituelle- 
ment rencontrés chez les xérophytes, d’après Maximov (11) il est réservé aux 
caractères pouvant être engendrés chez tout végétal par culture sur sol sec. 
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C’est alors, en grande partie, une question d'appréciation que de considérer 
une espèce donnée comme xéromorphe ou comme mésomorphe, une com- 
paraison physionomique étant l'indice principal. 

Il existe cependant un certain accord parmi les écologistes, les deux défini- 
tions se superposant en quelque sorte; ainsi en général le mot xéromorphe 
évoque l’idée d’une plante à feuilles de taille réduite ou au moins à feuilles 
à couches cutinisées très épaisses; le mot mésomorphe, au contraire, fait 
penser à une plante à feuilles peu épaisses, à limbe assez grand, à couches 
cutinisées minces, c’est à dire aux traits souvent rencontrés parmi les espèces 
des stations moyennement humides. 


L'espèce que nous avons choisi pour nos études, Centaurea intybacea Lmk, 
a été considérée comme mésomorphe pour des raisons analogues: vivant dans 
des stations extremement arides, ce xérophyte se distingue physionomique- 
ment d’une façon très frappante de la végétation xéromorphe environnante. 


Centaurea intybacea est une espèce chamaephyte à tiges dressées, suffrutescentes 
à la base. Les feuilles sont molles ou plus ou moins fermes, glabres et vertes; les 
inférieures sont pétiolées, lyrées ou pinnatipartites à lobes lancéolées, les médianes 
et supérieures sessiles, pinnatipartites. Au printemps elle est essentiellement nano- 
phylle ou leptophylle, pendant la floraison elle est surtout leptophylle. Elle se trouve 
dans la région narbonnaise près de sa limite septentrionale, son aire de distribution 
embrassant la presqu'île ibérique et le Midi de la France. Elle est localisée dans des 
stations abritées du vent du Nord et caractérisées par des températures estivales 
dépassant quelque fois 50° C. à l’ombre à 25 cm du sol. 

Nos mesures comportent des déterminations de photosynthèse apparente, de trans- 
piration, de valeurs osmotiques moyennes des feuilles, de déficits de saturation en eau et 
de forces de succion du sol avec les mêmes méthodes que dans notre travail précédent. 
Toutes les mesures sont effectuées pendant des journées entièrement sans nuages, 
soit immédiatement après la pluie au début de Juin, soit en pleine époque de séche- 
resse au début de Juillet. Les déficits de saturation en eau des branches ou des 
feuilles coupées sont calculés d’après la formule 


capacité en eau — teneur en eau 


at X 100, 
capacite en eau 


le poid de saturation étant déterminé aprés un séjour de 24 heures dans une atmo- 
sphère saturée d’eau (méthode de Stocker, 16). Les valeurs osmotiques sont déter- 
minées par la méthode cryoscopique, dont la précision a souvent été discutée; en 
particulier, le procédé d’extraction du suc cellulaire, sous pression après un traite- 
ment à 100° C., a soulevé diverses objections. En effet, le liquide ainsi obtenu est 
un mélange indéterminé de suc vacuolaire, d’eau d’imbibition du protoplasma et 
des parois et de sève contenue dans l'appareil vasculaire. De plus le tout est encore 
plus ou moins filtré par les membranes cellulaires et probablement altéré par des 
enzymes. Cependant, cette méthode, fort peu précise, est certainement suffisante 


quand il s’agit seulement, comme c’est le cas pour nos mesures, de comparer des 
écarts de valeurs osmotiques pendant diverses saisons. 
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Les forces de succion du sol à 40 cm de profondeur, inférieure à 1 atm., à l’époque 
humide, s’élévent à environ 180 atm. pendant la sécheresse. La valeur osmotique 
pour ces deux saisons est respectivement 12 atm. et 50 atm. Le déficit de saturation 
est près de 50 pour cent dans l’aprés-midi au début de Juillet. Les résultats des 
mesures de photosynthése et de transpiration, ainsi que ceux des déterminations des 
facteurs microclimatiques sont portés en graphique à la page 256. 

La photosynthése et la transpiration totales d’une journée après la pluie et pen- 
dant la séchesse sont calculées d’aprés ces graphiques, complétés avec de nombreux 
résultats obtenus pendant nos expériences préliminaires. 


Le premier fait qui ressort de l’examen des courbes est la grande ressem- 
blance de l’activité photosynthétique après la pluie, et pendant la sécheresse 
au plus fort de l’été. Cette faible réduction estivale est surtout frappante si 
nous la comparons avec les courbes de notre travail précédent; en effet la 
diminution de la photosynthése totale chez Centaurea ne dépasse pas 12 pour 
cent. Chez Rosmarinus officinalis et chez Staehelina dubia elle était de l’ordre 
de 84 pour cent. Centaurea intybacea se revéle donc d’après ces résultats très 
peu labile (cf. 17).1 


Il en est bien autrement si nous regardons les variations de la valeur 
osmotique: nous constatons ici un accroissement de 12 atm. après la pluie, 
à environ 50 atm., pendant la sécheresse; accroissement qui est certainement 
lié à l'augmentation du déficit de saturation en été.” 

L’intensite photosynthétique ne semble ainsi guère influencée par l’aggrava- 
tion des conditions hydriques au plus fort de l’été, ce qui, il est vrai, parait 
s'opposer à des mesures faites par plusieurs auteurs: Stocker (18), par 
exemple, constate un parallélisme net entre les changements des valeurs 
osmotiques et l’activité de photosynthèse et de transpiration pendant une 
journée. 


Or, trés vraisemblablement, il ne sera guére possible de faire des com- 
paraisons entre des mesures faites avec des intervalles différents, tels que 
heures et saisons, la rapidité des fluctuations hydriques intervenant d’une 
façon décisive: on sait par example qu’Iljin (9) a mis en évidence que l’in- 

1 Ici, il est vrai, il ne faut pas exclure l’influence d’erreurs expérimentales: il est notoire 
qu’en couvrant la plante d’une cloche, la transpiration est sensiblement réduite, ce qui a 
son tour entraine une amélioration du bilan d’eau de la plante. Or, cette vitesse de restaura- 
tion des conditions hydriques s’est avérée trés différente chez les divers espéces: elle est 
trés grande chez une plante telle que Teucrium flavum, et trés faible chez Centaurea 
intybacea (ce que nous avons pu constater en mettant des tiges de ces espèces dans une 
atmosphére saturée d’eau). 

2 Les feuilles utilisées pour la détermination de la valeur osmotique pendant l’époque 
humide étaient cueillies pendant une journée légérement couverte. D’aprés des mesures 
ultérieures les valeurs d’une journée entièrement dégagée pendant la même saison etaient 
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Figure 1—2. Courbes journalières chez Centaurea intybacea Lmk. (Fig. 1. après la pluie, 


fig. 2. pendant la 


sécheresse.) 


Légende pour les courbes journalières (heures GMT. sur l’abscisse), de haut en bas sur 


les graphiques: 


humidité relative de lair. 
température de l’air (en C°) 


éclairement (en 10 000 lux allemand.) 


évaporation. 


transpiration (en mg/dm?/min.) 
photosynthèse (en mg/m?/min.) 


fluence nocive d’un desséchement des tissus est dû en premier lieu à des 
déformations mécaniques, résultant du rétrécissement du plasma; il observe 
également que cette action nocive d’une deshydratation est d’autant plus grande 
que les pertes d’eau sont plus rapides. Ainsi, il n’y a pas de rapport direct 
entre la valeur osmotiqne-t le taux d’activité photosynthétique, la première 
étant surtout affectée par ia quantité d’eau perdue, le second par la vitesse de 


déshydratation. 
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La coincidence de la dépression vespérale de photosynthése et de trans- 
piration avec l’augmentation de la valeur osmotique, constatée par Stocker, 
est donc probablement due au fait que les changements les plus rapides de 
l’état hydrique correspondent aux déformations les plus profondes de la 
structure du plasma. La faible réduction que nous avons observé, des échanges 
gazeux pendant l’époque sèche, peut s’expliquer en postulant une faculté du 
plasma d'établir un équilibre structural nouveau pendant les longues pério- 
des de grands déficits de saturation, en été. (cf. 6, 19). La dépression véspe- 
rale de photosynthèse, plus prononcée pendant l’époque sèche qu’apres la 
pluie, est vraisemblablement le résultat d’une brusque aggravation des condi- 
tions hydriques, une suraccumulation d’assimilats, souvent indiqué comme 
responsable, étant plus probable à l’époque de plus forte assimilation. 


En ce qui concerne la transpiration, les courbes journalières de celle-ci 
révèlent des faits analogues: faible réduction totale et dépression vespérale 
à l’époque sèche. (Cette reduction est encore moins grande qu’il ne ressort 
des graphiques; une comparaison des courbes d’évaporation montre en effet 
une différence des conditions d’évaporation des deux jours d’expériences: 
Vévaporation est la plus intense au printemps, surtout dans l’après-midi, ce 
qui indique une différence assez faible de «résistance transpiratoire» (cf. 13) 
pendant les deux saisons). 

Afin de comprendre le mécanisme qui détermine l’augmentation considé- 
rable de la valeur osmotique pendant la saison sèche, il nous faut probable- 
ment faire entrer en ligne de compte la forme particulière de la rhizosphère 
chez cette espèce; un examen minutieux revèle que celle-ci se compose de 
deux parties: une très superficielle, n’atteignant pas des profondeurs dépas- 
sant 40 cm, et composée de racines d’épaisseurs diverses, et, une autre, 
exclusivement composée de racines très fines, s’infiltrant profondément dans 
les fissures du rocher sous-jacent. 

On peut donc imaginer que la marche saisonnière des valeurs osmotiques 
chez cette espèce dépend surtout de la profondeur de l'horizon dans laquelle 
s’opère l’absorption principale d’eau: après les pluies du printemps la plante 
puise une partie importante de l’eau nécessaire avec ses racines superficielles, 
au gros de l’été, au contraire, quand les forces de succion dans les parties 
supérieures du so! dépassent les valeurs osmotiques correspondantes dans la 
plante, presque exclusivement avec les racines fines et profondes. 

Car il nous semble peu probable que l’augmentation des valeurs osmotiques 
soit une conséquence directe d’un accroissement des forces de succion du 
sol, souvent indiqué comme responsable. En effet, une augmentation du 
gradient de forces de succion entre les racines et le sol, n’entraine qu'un des- 
séchement du sol qui enveloppe les racines, diminuant ainsi l’afflux d’eau 
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du sol ambiant (11, 17); on sait que la conductibilité d’eau du sol décroît 
brusquement quand les quantités d’eau sont réduites au dessous d’un certain 
niveau, spécifique pour chaque sol, et que cette réduction est déterminée par 
la rupture des filets aqueux, reliant les pellicules d’eau adhérantes aux parti- 
cules du sol (7). (Cela explique peut-être également la brusque dépression 
vespérale que l’on constate chez la plupart des plantes). 


Ces conclusions reposent sur la supposition qu’une absorption d’eau n’est 
plus possible quand les forces de succion du sol sont supérieures à la valeur 
osmotique dans la plante; d’une part le pouvoir d’absorption active souvent 
attribué aux cellules radiculaires (1) ne contribue jamais que dans une faible 
mesure à l’absorption totale, d’autre part, tout semble indiquer que les poils 
absorbants disparaissent entièrement dans la zone desséchée du sol. Cette 
dernière hypothèse est encore étayée par le fait qu’un arrosage répété durant 
24 heures pendant l’époque sèche ne provoque jamais une réduction appréci- 
able du déficit de saturation; souvent il provoque, au contraire, une augmen- 
tation du déficit, ce qui résulte peut-être d’une altération de l’aération du 
sol. Le sous-sol rocheux, riche en couches humides, permet certainement 
une migration facile d’eau entre le sol et les poils absorbants. 


Il n’est donc guère probable qu’il y aie un rapport direct entre les valeurs 
osmotiques de la plante et les forces de succion du sol. Tout semble indiquer 
que l’absorption par les racines s’arrête au moment où les forces de succion 
dépassent un certain niveau (cf. 4). Pendant la période de desséchement du 
sol, la zone d’absorption se déplace vers le bas, provoquant une prolongation 
du chemin à parcourir par la sève brute, ce qui détermine ainsi une augmen- 
tation des valeurs osmotiques dans la partie aérienne de la plante. 


L'exemple de Centaurea intybacea, que nous avons étudié, ne fait que confirmer 
la diversité de comportement chez les xérophytes. Nous trouvons dans ce groupe 
stationel des espèces à transpiration faible et abondante, avec ou sans faculté de 
réduire les pertes d’eau pendant l’époque sèche; nous y trouvons également une 
labilité très différente en ce qui concerne la photosynthèse, les valeurs osmotiques 
et les déficits de saturation. Chaque espèce semble douée d’un tempérament spécial. 
Centaurea se distingue surtout par son assimilation intense pendant la sécheresse 
estivale; malgré une forte augmentation de la valeur osmotique et du déficit de 
saturation à cette époque, ni les échanges gazeux, ni la transpiration ne semblent 
très influencés. Elle parait ainsi pouvoir puiser l’eau dans des grandes profondeurs 
et posséder une grande résistance plasmique. La photosynthèse totale journalière est 
plus grande que chez les autres espèces que nous avons étudiées, ce qui donne peut- 
être un avantage à l'espèce dans la concurrence (cf. 3). 

La résistance des xérophytes contre la sécheresse doit être considérée comme le 
résultat d’un concours de plusieurs qualités d'adaptation, dont la combinaison varie 
d’une espèce à l’autre, d’un écotype à l’autre. Parmi ces qualités, dont aucune n’est 


x 


exclusive à ce groupe stationel mais s’y trouve avec une fréquence particulièrement 
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élévée, on peut citer les suivantes: résistance transpiratoire (13, cf. 15), résistance 
plasmique (9, 14), réduction foliaire (5, 20), système radiculaire profond (17), 
arrangement particulier des cellules mésenchymateuses (cf. 8), métabolisme parti- 
culier, rapidité de développement, etc. 


Mis à part les succulentes, et peut être les leptophylles, il ne semble ainsi exister 
que rarement un rapport direct entre le comportement physiologique et les carac- 
téres morphologiques. Méme le pouvoir de freiner les pertes d’eau pendant la saison 
séche ne parait nullement limité aux xérophytes caractérisés par une couche cuti- 
nisée importante; au contraire, une espéce telle que Coronilla glauca, aux traits 
mésomorphes, réalise une réduction de sa transpiration en été allant jusqu'à 85 
pour cent. 

Cette indépendance pose donc des problèmes, surtout en ce qui concerne l’impor- 
tance de la transpiration cuticulaire: les couches cutinisées des xérophytes sont-elles 
toujours trés imperméables, méme peu développées, ou faut-il attribuer une faculté 
aux membranes cellulaires de freiner les pertes d’eau en cas de déficit de saturation 
‘important? 

Certaines considérations semblent parler en faveur de cette dernière théorie: des 
expériences montrent en effet (2) que la perméabilité des cellules décroît fortement 
sous l’action d’une augmentation artificielle de la valeur osmotique, ce qui, à son 
tour, se traduit par une réduction substantielle du taux de transpiration. (Cette 
réduction est bien plus forte que la diminution de la pression de vapeurs, directe- 
ment liée à l'augmentation de la valeur osmotique, ne le laisse prévoir). 


Ces faits nous conduisent à croire, ainsi que Maximov l’a souvent souligné, que 
la faculté de supporter des desséchements prolongés compte parmi les caractères 
les plus répandus parmi les xérophytes vivaces non succulents. En effet, des raci- 
nes profondes ne suffisent certainement pas pour assurer un bilan d’eau favorable 
pendant la saison sèche, la transpiration abondante et la résistance dans les racines 
déterminant souvent des déficits de saturation importants (Coronilla glauca et Teu- 
crium flavum 55 pour cent, Staehelina dubia 52 pour cent et Centaurea intybacea 
50 pour cent). 


Tout semble donc indiquer que les caractères qui, d’une façon générale, contri- 
buent à la résistance contre la sécheresse sont souvent indépendants des particula- 
rités structurales généralement considérées comme xéromorphes. 


S’il nous faut ainsi attribuer, dans de nombreux cas, la résistance des xérophytes 
contre la sécheresse à des particularités indépendantes de la structure xéromorphe, 
il faudrait considérer nombre de traits structuraux des plantes xéromorphe, non 
pas comme des qualités d'adaptation, mais plutôt comme des changements consé- 
quents à la vie sur sol sec. Car la structure des xérophytes xéromorphes ne semble 
en effet guère leur attribuer des avantages suffisants pour expliquer leur abondance 
dans les régions arides du monde. Tout porte à croire qu'au cours de l'évolution le 
milieu sec a favorisé le développement des individus pouvant supporter un des- 
séchement prolongé ou caractérisés par un comportement physiologique favorable, 
lié au plasma, provoquant ainsi un changement de l'amplitude écologique de l’an- 
cêtre mésophile. Les traits xéromorphes, à leur tour, ne sont donc à considérer que 
comme le résultat de l’action du milieu sur l’ontogénèse. De tels changements, vers 
la formation de caractères xéromorphes chez les mésophytes, ont souvent été obser- 


à 


vés comme consécutifs à une culture sur substrat sec. 
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Summary 


A mesomorphous xerophyte growing in an extremely dry habitat was the 
object of repeated observations of physiological behaviour during the rainy 
and the dry seasons. 

The comparison between the day curves of apparent photosynthesis and 
transpiration reveals a peculiarly small reduction of both the anabolic acti- 
vity and the water loss during the dry season, whereas the corresponding 
mean osmotic values of the leaves betray a significant deterioration of the 
water balance during the same period. The average rate of transpiration is 
relatively low, that of photosynthesis relatively high. 

The root system was examined and the mean osmotic value of the aérial 
parts of the plant compared with the suction forces in different depths of 
the soil. It was concluded that during the dry season water was absorbed 
exclusively by thin roots from deep layers of the soil, and that the high 
resistance to water flow in the vascular system of these thin roots was prin- 
cipally responsable for the increase in the osmotic value. The fact that the 
photosynthetic activity is affected relatively little by changes in water balance 
suggests a special adaptation in structure of protoplasm. 

The results were discussed and compared with previous observations. No 
particular behaviour seems to be generally characteristic or particularly 
widespread in xeromorphous or mesomorphous xerophytes. Each species or 
each ecotype is endowed with a various number of different functions which, 
often not correlated to structural features common in xerophytes, enable 
them to survive the dry season. 

From these data and on the basis of the peculiar resemblance between 
xeromorphic and xeroplastic characteristics it is concluded that many com- 
mon morphological features in xerophytes cannot be considered as of high 
adaptive value. It seems likely that many of them may have arisen as mere 
secondary effects of phylogenic changes favorable to increased endurance of 
dessication. 
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Problem 


In the discussion of cell elongation interest has been focused on an active, 
auxin-induced water absorption. This would imply an absorption of water 
not caused by the osmotic state of the cells. It is difficult to see how it would 
be possible experimentally to demonstrate such a phenomenon. The osmotic 
conditions can be expressed by Ursprung’s formula (with altered symbols) : 
S=O—W, in which the suction force of the entire cell (S) can be determined 
from the equilibrium with the external medium and the osmotic value of the 
cell content (O) kryoscopically or plasmometrically, whereas the wall pres- 
sure (W) can only be deduced from these values. Not even a case of S>O 
must necessarily indicate a non-osmotic suction, because negative wall pres- 
sures are supposed to occur, and in any case, as far as the author is aware, 
numerically negative values of W have not been observed in growing cells. 

Thus even authors considering the possibility of an active, non-osmotic 
water absorption as the incitement of growth, have not yet been able to show 
it to occur and separate it from changes in W (Hackett and Thimann, 11). 
Levitt (12), on the other hand, for thermodynamical reasons, and Brauner 


and Hasman (2), on the ground of experimental evidences, deny the existence 
of an active water absorption. 


The paper by Hackett and Thimann is interesting because it also reveals somewhat 
of the uncertainty inherent in the conception of active water absorption. The authors 
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start from the statement that auxin stimulates water absorption and then they go 
about the task of studying the relation between metabolism and water absorption 
in the presence of auxin, and comparing the effects of auxin exerted on growth by 
cell elongation with those exerted on water uptake. This is done by gravimetric 
determinations of the water absorption, shown to react against respiration inhibitors 
in the same way as growth measured as a longitudinal elongation. The conclusion 
is that »water absorption is intimately related to and dependent upon metabolism 
and aerobic respiration». This is certainly true, and might indicate, or may be 
explained as due to an active water absorption. It must be assumed, however, that 
the tissues in their experiments grow, that means that the water absorption, amounting 
to up to 60 per cent of the fresh weight, implies an irreversible increase in size. The 
agreement between growth and water absorption is thus axiomatic, because a cell 
cannot grow without absorbing water. The authors also emphasize that ». . . growth 

. comprises only an irreversible increase in volume and whether this appears as 
the uptake of water or as growth by cell elongation it remains fundamentally the 
same process». This is a basic truth, but it renders the problem of Hackett and 
Thimann obsolete. They have not compared two processes, growth and water absorp- 
tion, both regulated by auxin, but two methods of measuring growth. 


As soon as cells grow it is at present experimentally unfeasible to dis- 
tinguish an active water absorption from a water absorption owing to growth 
by the cell wall by any mechanism, which has also left Hackett and Thimann 
in suspense as to whether growth is caused by an active water absorption 
or a change in W. One criterion of an active water absorption would be if 
auxin in a non-growing cell can promote a reversible absorption of water 
above the osmotic equilibrium and without a change of the physical pro- 
perties of the cell wall. This might be experimentally possible but encounters 
the difficulty that auxin predominately causes irreversible volume changes 
and obviously also changes in the wall properties (cf. Brauner and Has- 
man, 1). Another way to tackle this problem is to study the reaction of 
spontaneously growing cells to external solutions of varying osmotic values. 


It may be assumed as a working hypothesis that the primary point of 
action of auxin and thus the incitement of normal growth is an active water 
absorption. It must then be postulated that all changes in cell wall conditions 
and W are secondarily caused by the water absorption, or the point of the 
hypothesis is lost. It rests, as a matter of fact, on the assumption that growth 
depends upon a passive, plastic stretching of the wall beyond the limit of 
elasticity, as was worked out by Ruge, Heyn a. others (cf. 5). The criticizism 
of this view (cf. Burstrém, 5, Brown et al., 3) can for the sake of the discus- 
sion be disregarded. If it were true, and the suction of the external medium 
increases, then the stretching beyond the limit of elasticity and hence growth 
must decrease already in hypotonic solutions. This was demonstrated by 
Thimann and Schneider (14) for Avena coleoptiles, but with no attempt 
made to distinguish the irreversible from the elastic stretching, which is 
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necessary for a correct evaluation of the growth. This has been accomplished 
in experiments of the root elongation in mannitol solutions, which will be 
recorded below. 


Methods 


Eroica Wheat plants in lots of 12 were after germination planted in solutions of 
the basal composition KNO, 1/5000 M, KH,PO, 3/10000 M, Ca(NO,), 1/2500 M, 
MgSO, 1/5000 M, MnCl, 105 M, H,BO, 10—$ M and Fe, (SO,),; 10° M; the pH 
was initially ca. 5.1 and increased during the experiments to 6.1—6.5. Each lot of 
plants was supplied with 75 ml. solution aerated with streaming air, and the experi- 
ments were kept in climate chambers at 22° C under continuous light. All solutions 
were autoclaved. After 24 hours the roots had attained a length of 30—35 mm. and 
the solutions were changed to fresh ones of the same mineral composition with 
additions of mannitol. The osmotic value was determined kryoscopically. In order 
to avoid sudden changes in osmotic value of the solutions, which may cause chocks 
to the sensitive root tips, the. following procedure was adapted. The necessary amount 
of mannitol in a more concentrated solution was added drop by drop from a separa- 
tory funnel through a capillary to the bottom of the culture vessel with the plants 
and fresh solutions under vigorous stirring by aeration. The concentration of 
mannitol increased slowly from zero to the desired figure during an interval of 
time of 30 to 45 minutes. The cultures were then left under constant external condi- 
tions again for 24 hours. The experiments were then discontinued and the root 
lengths recorded again. This allows an identification of the part of the root developed 
during the last 24 hours. In the middle of this part sections were cut out about 
5 mm. in length, of 25 roots of average length from each treatment, and the length 
of their epidermal cells was measured under the microscope. For this purpose the 
root pieces were gently squeezed between two slides; in this way the roots were 
crushed lengthwise so that the tissues were more or less loosened from each other. 
Twelve cells selected at random were measured on each root, which amounted to 
300 cells of each treatment. The root sections were kept continuously in the solu- 
tions, in which they had developed. After that they were rapidly rinsed with a 
nutrient solution free from mannitol and transferred to a large volume of such a 
solution. Here they take up water to a new equilibrium, which is attained safely 
after four hours, when the same number of cells were measured again. In certain 
tests sections were also plasmolyzed in a 0.2 M mannitol solution. In order to avoid 
secondary changes in permeability or other cell properties the basal nutrient solution 
was always present; its freezing point depression At in °C amounted to about 0.02, 
and it did not differ significantly osmotically from pure water. 


Each experiment consisted of two treatments run in quadruplicates, the treat- 
ments were combined at random in pairs and in the main series each repeated 6 to 


8 times. Each value in Figure 3 is thus founded on at least 288 plants with 864 roots, 
on which at least 1800 individual cells have been observed. 


The following symbols have been used: L denotes the increase in root length 
in mm., C the cell length in u, the ratio L : C gives the number of cells developed in 
the longitudinal direction, which is fairly constant irrespective of the treatments. 
The osmotic properties are denoted S, O and W; the subscripts a, n, and p indicate 
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Table 1. Comparison between the growth of the main root and that of the 1st pair of 
adventitious roots. — Duration 24 hours. Two different treatments. Errors of the average 
values given in the head. 
er ms 


Root length | Root length Growth Cell length | Cell number | 

Roots initially mm. | finally mm. mm. L u Cn Eon | 

+ 0.8 + 1.2 + 1.4 +5 +5 

| 
eee Gisele 45.3 60.9 15.6 271 58 
Istiphir «4. 34.1 49.4 15.3 274 56 
et sm dee tee 45.3 60.9 15.6 232 67 

SUSPAiNige a... 34.1 50.3 16.2 243 67 | 


the values in water, in the normal state and plasmolyzed, respectively. Thus the 
difference C,—C, denotes the elastic contraction of the cell in the normal state as 
compared with the water-saturated state and C,—C, the total elastic extension of 
the water saturated cell. 

These data require some comments. Mannitol has been chosen as an osmoticum 
because it is said to be physiologically inactive and non-permeating. Whether or not 
this is strictly true is disputable, as will be discussed below, but the permeation is, 
in any cases, slight. 

The values for L suffer from fairly large statistical errors, mainly due to the 
heterogeneity of the root material. Each plant develops the main root and the first 
pair of adventitious roots, the former are initially about 15 mm. longer than the 
latter, and taken as a whole they do not constitute a random distribution around an 
average value. Growth and cell lengths are, however, very similar in the two kinds 
of roots, which is illustrated in Table 1. Main and adventitious roots were taken 
together in routine work, which causes the statistical accuracy of L — on an average 
+1.4 mm. — to be much lower than the actual accuracy. With 300 measurements 
the values for C are determined with a mean error of +4.5 u. The epidermal 
cells are not uniform either, but form a mixture of cells of different properties 
(Burstrôm, 4), which, however, has a very constant composition. This is shown by 
the example in Figure 1. It was always found that the distribution curve of C could 
be reproduced even in independent experiments almost in detail, although it did 
not represent an ideal random curve. This means again that the actual error is lower 
than indicated by the statistical value. 

The reproducibility of the experiments was satisfactory, and no continuous 
seasonal variation was observed. In order to quote one example, the values for C, 
of the nine series of controls in Figure 3 amounted to, in sequence: 271, 254, 268, 
276, 254, 276, 298, 295 and 283 (+4.5) u during a period of four months. An 
observation worth mentioning was that the highest figures for C were obtained at 
the lowest external air temperature, although the experiments were carried out in 
chambers of constant temperature. These were well ventilated with air taken directly 
from outdoors, in order to avoid pollution from the laboratories, and since the 
tests were concerned only with a study of roots kept in solutions the humidity of 
the chambers was not controlled. With a temperature difference of 25° C or more 
between the open air and the chambers the humidity of the latter became extremely 
low, and it is possible that an increasing transpiration by means of migration of 
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Figure 1. Examples of distribution curves of cell lengths. — One experiment with mannitol 


0 and 0.03 M. Each unit on the abscissa equals 35 u. On the ordinate the number of cells. 


compounds in the plant may effect the elongation of the roots. This was an un- 
expected error, which had to be neglected. 

The difference C,—C, was assumed to constitute an elastic extension, which was 
shown to hold true at least for hypotonic concentrations of mannitol. This was 
accomplished by transferring water-saturated segments back to mannitol solutions. 
One typical experiment is shown in Table 2 and more examples are given later on. 
It clearly indicates that even the greatest extensions were wholly reversible. The 
differences C,—C, also followed approximately Hooke’s law. The contraction in 
0.01 M in Table 2 is 6 u less than should be expected. These tests had for technical 
reasons to stand over night, and it seems possible that some mannitol is then taken 


Table 2. The elastic extension of cells in hypotonic mannitol solutions. — One pair of 
experiments, with roots grown in 0.01 M and 0.04 M mannitol. — Cell lengths u. 
| : Mannitol 
| Treatment = 
| 0.01 0.04 


Cell lengths at the end of the experiment (Cn)| 248 +5 | 206 + 4 


| after 4 hours without mannitol (Ca)...... 256 +5 | 237 +4 

| Change. „lee et ces cae ROME +8 +31 
after further 15 hours in mannitol 0.04 M| 228 +5 | 203 + 4 
CHANGE; . anal karen onsite ee eeu eee eee ae Sete) — 34 
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up, which in 0.04 M corresponds to about 6 u of elastic extension. Such figures were 
usually obtained; material from another series showed, for instance, after four 
hours in 0.04 M for two treatments C values of 228 and 275, which after 15 hours 
had increased to 233 and 281 u respectively. It seems possible that mannitol is slowly 
taken up, and this must be duly considered, even if the effects are small. 


Results 


The general course of the root growth in mannitol solutions was established 
in some series of experiments without determinations of the elastic pro- 
‘ perties of the cells. They have been collected in Figure 2 and show a con- 
tinuously decreasing elongation with increasing concentration of mannitol. 
It is easy to infer from the curves showing cell and root lengths that the 
cell multiplication is practically constant. The growth curve is quite similar 
to that in Thimann and Schneider’s experiments on coleoptiles, with the 
exception that their curve shows a sharp bend at incipient plasmolysis. That 
is not the case with roots. It is most striking, on the contrary, that no distinct 
limit of incipient plasmolysis could be observed in experiments of this kind. 
The microscopical observations revealed that cells grown in mannitol con- 
centrations up to 0.03 M undoubtedly are turgid, and further, that cells 
developed in 0.3 M and higher concentrations are more or less distinctly 
plasmolyzed. If, however, mature segments of roots grown in a normal 
nutrient solution were placed in mannitol solutions a regular picture of 
plasmolysis was obtained (Table 3). Assuming a strict validity of Hooke’s 
law, which seems to be justified (cf. below), it can be computed that incipient 
plasmolysis is attained at 0.038 M mannitol with a At of 0.11° C. Roots grown 
in mannitol up to 0.3 M were still turgid, however. There are three problems 
to be solved: (a) the cause of the decreasing growth in hypotonic solutions 
with At<0.11° C, (b) the behaviour of the root within the range 0.03 to 
0.2 M, and (c) the growth in decidedly hypertonic solutions. 

(a) Figure 3 shows the result of a large number of experiments with hypo- 
tonic solutions of mannitol. C, decreases rather continuously with increasing 
mannitol concentration. Nevertheless, the values for C, and C, are remarkedly 
constant. Three points should be emphasized. (1) There is a probably signi- 
ficant increase in C, and C, from 0 to 0.02 M mannitol. It seems plausible 
that this is connected with the slight absorption of mannitol, although this 
has not been further investigated. The increase is, in any case, small com- 
pared with the total growth from 20 to around 260 u. (2) The differences 
C,—C, are fairly constant; the average values for a large material amount to 


mannitol MO 0.01 0.02 0.03 0.04 
CC 37 28 30 35 34. 
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Figure 2. The general course of the growth in mannitol solutions. — Unbroken curve: 
increase in root length in mm; broken curve: cell length in u. a range of hypotonic solu- 
tions, b range of incipient plasmolysis, c range of hypertonic solutions. 

. 


This elastic extension is truly reversible and depends partly on S, partly on 
the modulus of elasticity of the wall. The assumed uptake of mannitol causes 
at 0.04 M an elongation of about 6 u. If proportional figures are subtracted 
from those above the elastic extension will become still more independent 
of the mannitol concentration. Furthermore, the elastic extension under the 
growing conditions very nearly follows Hooke’s law up to 0.03 M mannitol: 


mannitol M 0 0.01 0.02 0.03 
CC 0 14 22 38 


The conclusion to be drawn from these observations is that the elastic 
properties of the cell walls are independent of whether the cells have deve- 


Table 3. Plasmolysis of sections of control roots grown in normal nutrient solution. — 
Cell lengths initially 271 u. Tests after 4 hours. 


Solutions | At °C | Cell length p 
AQUALGESE Se nee 0 274 
Nutrient solution ............| ca. 0.02 271 
+ mannitol 0.03 M ....... 0.09 244 
CSM 0.215 238 
0:3 M rs. 0.56 239 0.4 u 
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Figure 3. The cell growth in hypotonic solutions of mannitol. — Graphs showing the cell 


lengths under the cultural conditions (C,) and the same material plasmolyzed (C,) and 
water saturated (C,). 


loped under water-saturated conditions without mannitol or in mannitol 
0.03 M under conditions near incipient plasmolysis. The whole decrease in 
root length in hypotonic solutions is due to a decreasing reversible, elastic 
extension caused by the increasing osmotic value of the external solutions. 
The irreversible elongation — growth — is independent of this value in hypo- 
tonic solutions. 

(b) The most interesting conditions were found within the range of con- 
centration denoted (b) in Figure 2, in which the mannitol solutions were 
hypertonic with regard to normal mature cells but not so with regard to the 
cells developed in the solutions. This condition is explained by the fact, shown 
in Figure 3 and Table 5, that the cells within the whole range are in the state 
of incipient plasmolysis. There is a broad range of isotonic solutions, within 
which the elongation decreases with increasing mannitol concentration to 
about one half the normal value. This range extends from 0.03 to 0.2 or 
0.3 M. Some kind of osmoregulation takes place, and it appears from Table 4 
that this depends mainly upon the decreasing growth. This enables the cells 
to maintain an equilibrium with the external solution, although the amount 
of osmotical material increases only slightly. This has roughly been com- 
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Table 4. Approximate computation of the amounts of osmotically active substances in the 


cells. — Determined as the product C At in p- °C. — At is that of the isotonic mannitol 
solution. 
eT 
Kinds of cells | Cp u | At °C | Cp - At 

PREMIO RE re ee 244 0.11 27 

grown in mannitol 0.030 M.. 232 0 26 
0057 194 0.125 24 
On SES 160 0.215 34 
O2 116 0.34 39 


puted as the product At-C,, but no attention has thereby been paid to a 
decrease in diameter of the cells, which occurs and may account for the 
computed increase in osmotical material. The uptake of mannitol has also 
to be considered in higher concentrations. Because this phenomenon appears 
within such a broad range of external concentrations, it seems reasonable to 
assume that the elongation has stopped when the cells have reached a state 
of incipient plasmolysis. The elastic properties are the same as in hypotonic 
solutions; a series of computation of C,—C, gave the result (cf. also Table 5): 


Mannitol M 0.05 0.1 0.2 
Ce, 30 35 36 


At least up to 0.2 M the elongation at water saturation is further wholly 
reversible (cf. Table 5). 

(c) Within the range of hypertonic solutions another picture is found. The 
experiments recorded in Table 5 were carried out in winter independently 
of the earlier ones, with a low external temperature and consequently some- 
what higher general level of root elongation. The elasticity of the walls tallies 
well with the one previously recorded. Just as in these experiments incipient 
. plasmolysis is found up to 0.2 M. 

No appreciable tissue tensions were found with any additions of mannitol. 
In hypertonic solutions the epidermal and cortical cells were irregularly 
plasmolyzed, but distinct pictures were difficult to obtain. The water-satu- 
rated cells elongated considerably, more than 40 per cent, but this increase 
was partly plastic and only partly elastic in nature. 

It has previously been emphasized that no plasticity can be detected in 
growing cells (Burstrôm, 5). This is not to be expected either under normal 
growing conditions, when the roots are continuously water-saturated. In the 
hypertonic solutions the elongation is strongly inhibited, the cortex and 
epidermis are plasmolyzed and can not contribute to the elongation by taking 
up water. This must depend entirely upon the growth of the stele or parts 
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Table 5. The properties of cells grown in isotonic (b) to hypertonic (c) mannitol solutions. 
— Cell lengths in u in the normal state, after water saturation, and subsequent plasmolysis.- 
The extension in water (C,—C,) divided into the two components, the elastic elongation 


(C.-C) and the plastic elongation (5-5) 
er en en ee er ee LE 
Mannitol C C C Elastic Plastic 
M 4 5 P | elongation | eiongation 
0 318 318 295 23 x 
0.05 248 278 247 30 0 
b< 0.1 219 253 219 34 0 
0.2 195 226 191 31 0 
é 0.3 159 221 201 20 42 
| 0.4 101 | 148 | 121 27 20 


thereof. This means that cortex and epidermis must have been passively 
elongated, but not sufficiently to make full use of the plasticity of the wall. 
The state of plasticity must be a transient condition, however, because if 
the cells are allowed to grow not more than another 40 to 50 u, still without 
being water-saturated but attaining the state of incipient plasmolysis, any 
plasticity disappears. It is important to note, however, that a plasticity of the 
walls can occur in the cells during the initial elongation, even if it is im- 
possible to evaluate its quantitative significance from the mannitol experi- 
ments. 

This plasticity is much greater than that observed by Brauner and Hasman 
even under the influence of IAA, but they worked on mature, not spontane- 
ously growing tissue, which may account for the large difference. 


Limiting factors of cell elongation 


IAA or other growth regulators have deliberately been excluded in the 
mannitol experiments, in order to eliminate the role of hormones in the 
studied process. 

An interesting treatise of .the factors limiting the cell elongation has 
appeared by Brown, Reith and Robinson (3). They have arrived at the con- 
clusion that »progressive changes continue during growth, which when they 
have reached a certain critical level depress the rates of various metabolic 
processes, and it is as a result of such decreases that growth ceases». This is 
a principle, which easily can be applied to the results of the present investiga- 
tion, if emphasis is laid on »critical level» rather than on »rates of . . . pro- 
cesses». This can be deduced from the shape of the curves of the root 


elongation. 
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Figure 4. The normal course of the cell elongation. — On the abscissa the number of cells 

from the start of the elongation, which is proportional to the time. — Unbroken curve the 

probably correct course of the elongation, broken part shows how it is usually »smoothed 
out» to give a presumed S-shape. 


Several such curves have been constructed by various means. The most 
accurate way is to follow the elongation of individual cells, one example of 
which is shown in Figure 4. The curves are always presumed to be S-shaped, 
which means that they derived show the grand period of elongation, pro- 
ceeding at a decreasing rate of elongation after a maximum has been passed. 
This is probably usually wrong, as far as roots are concerned. Several con- 
structions of this kind (see 4—7) have all resulted in curves showing a con- 
tinuously increasing, or at least constant, rate until the elongation abruptly 
ceases. There is no sign of a slowing down of the rate of elongation before 
it stops. The curves are, however, usually smoothed out to an S-shape. The 
graph constructed by Brown et al. (Figure 1 in their paper) is of this kind, 
but their actual values show a course exactly tallying with that of Figure 4 
in the present paper. The arresting mechanism stressed by these authors 
suddenly stops the elongation running at its maximum rate. The view 
developed by Brown et al. has, as a matter of fact, been adapted previously 
by the author to describe the action of growth regulators (6, 7) and sugars (4) 
lengthening or cutting off the time of elongation. This behaviour of the cells 
is perhaps difficult to explain on the assumption of a reduction of some 
enzyme activity causing a cessation of the growth, unless it is assumed that 
the activity does not gradually decrease, as pictured by Brown et al., but 


suddenly drops from a top value to zero. This is, of course, by no means 
impossible. 
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As regards the conditions of roots growing in mannitol solutions within 
the range of isotony, it seems permissible to assume that the elongation 
ceases when the cells have reached the state of incipient plasmolysis. It has 
repeatedly been emphasized that the osmotic value may decrease, or normally 
decreases, during rapid elongation (Burstrôm, 5, Hackett, 10). If the external 
solution has such a high osmotic value that incipient plasmolysis is reached 
the elongation must suddenly stop (Figure 5). Regardless of the mechanism 
of growth, an increase in volume of the cells is impossible without a water 
absorption. Incipient plasmolysis should then be able to cause such a sudden 
cessation of the elongation, which seems to happen in the range of mannitol 
0.03 to 0.2 M. 


It has been stated that cells are able to grow in hypertonic solutions, which should 
disprove this explanation. This opinion is based on experiments of Commoner et al. 
In their first paper (9) they mention cursorily that potato discs take up water from 
a hypertonic solution, although they are »flaccid and no turgor pressure exists». 
If cells really are plasmolyzed it is impossible to measure a water absorption gravi- 
metrically, as they have done. Their second paper is more detailed (8). They state 
that 0.14 M sucrose is »approximately isotonic and therefore causing no water 
movement» and 0.20 M »slightly hypertonic», it »results in a continuous loss in 
water from the slices (which actually become quite flaccid)». The latter is an indis- 
pensable criterion of a hypertonic solution, unless microscopical examinations are 
performed. An isotonic solution causes exosmosis of water until incipient plasmo- 
lysis, and a solution causing no water movement is hypotonic, with the osmotic 
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value E=S,=0O,—W,, unless the cells are initially at incipient plasmolysis. Isotony 
means that E;=S,=0O, with W=zero, and E; is always > E. The authors have con- 
fused the osmotic conceptions and, further, have pretended to have measured water 
absorption of flaccid cells gravimetrically, which should be impossible. There are 
reasons to doubt that Commoner et al. really have worked with plasmolyzed material. 


In truly hypotonic solutions the roots grow to a final length which is 
independent of the external osmotic value. This only regulates the elastic 
tension of the wall, approximately according to Hooke’s law. This means 
that the cells grow in apparently the same manner, regardless of whether 
the walls are expanded elastically or almost completely slackened. This 
seems to disprove of an active water absorption as a factor limiting elonga- 
tion. An additional water uptake causes only a reversible elastic extension 
but now growth, even if the cells are expanded up to their maximum length. 

Furthermore, within the range of isotony with mannitol 0.03 to 0.2 M, it 
has been assumed that the normal growth curve is cut off because isotony 
with the external solution has been reached. The cell walls are highly elastic 
but show no irreversible elongation when water saturated, so that there 
are again no means by which an additional active water absorption could 
increase the growth. 

More complicated conditions prevail in hypertonic solutions. The cell 
walls are here plastic, in the sense that water saturation causes an irreversible 
elongation. Here water absorption is really the limiting factor of growth, and 
one condition is fulfilled for the participation of an active water absorption. 
There must, on the other hand, be some cause of the plasticity, which is not 
inherent in the meristematic cells, so that only water absorption is not even 
here the real incitement of growth. All results speak in favour of the opinion 
that the incitement of growth is changes within the cell walls: 

(i) In hypertonic solutions in which the cells do not exceed a length of 
100—150 u the walls are plastic which indicates a change of the wall before 
water absorption takes place; 

(ii) In iso- to hypotonic solutions cell walls are built up to a length of up 
to 300 u with certain constant properties, regardless of the elastic tension 
during growth; this is hardly possible unless walls are formed according to 
a pattern which is realized independently of the water conditions of the cells. 

It was concluded from previous experiments on the osmotic conditions (5) 
and influence of IAA on the root growth (6), that this takes place in two 
phases: 


a first phase involving a dissolution of the cell wall and an elongation up 
to about 100 u; 


a second phase involving a deposition of new wall material, permitting an 
elongation up to about 300 u. 
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The present results seem to fit in well with this general picture, and in 
both instances corroborate the assumption that the cell wall conditions are 
generally limiting the growth. 

It should be pointed out that during the normal course of the elongation 
the elastic tension at water saturation is practically constant in the second 
phase, for which a tentative explanation has been given (5). There is also 
in the mannitol experiments a constant absolute value of the elasticity, 
regardless of the net length of the cells within the whole range of iso- and 
hypotonic solutions. This seems to support the assumption that the increasing 
external suction cuts off the normal elongation process, and that range (ii) 
above corresponds to the normal second phase of the elongation, just as (i) 
to the first phase. 

It seems to be a contradiction that an impaired water absorption checks 
the elongation, although the mechanism of water absorption is not the factor 
limiting growth, but the crucial point is that the cells cease growing at 
incipient plasmolysis. Water uptake is necessary for growth, but if this, by 
means of an active wall growth or in any other ways, should lead to incipient 
plasmolysis, the wall will be separated from the cytoplasm and growth must 
stop. Even an active wall formation ought to require thc participation of the 
cytoplasm and its metabolism. The outlined picture of the active wall forma- 
tion as the fundamental principle of growth during the second phase, is thus 
not at variance with a connexion between elongation and the general rate of 
metabolism. 

Thimann (13) has tried to distinguish between an active water absorption 
and a plasticity of the wall by studying growth only, which must be difficult, 
because the former cannot cause growth without the aid of the latter. In his 
experiments pea stem sections 18 mm. in length grew to ca. 28 mm. without 
mannitol and to ca. 23 mm. with mannitol 0.08 M in 8 hours. The latter must 
have been less elastically extended, but since no data are given of the osmotic 
properties, it seems to be impossible to interpret the results. The difference 
of 25 per cent is, in any case, not large if it also contains an elastic com- 
ponent. However, Thimann is perhaps right when stating that these condi- 
tions cannot be compared with those in roots, and for the normal cell elonga- 
tion in roots there seems to be no place for an active water absorption. 


Summary 


The growth of wheat roots has been studied in mannitol solutions of 
varying concentrations. The normal roots are in the state of incipient plasmo- 
lysis at ca. 0.038 M. In weaker solutions there is a gradual decline in root 
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length owing to a change in the elastic tension, but with no real change in 
the growth. This is independent of the degree of elastic stretching. Within 
the range 0.03 to 0.2 M the cells are near incipient plasmolysis with the 
growth decreasing with increasing concentration. It is assumed that the 
growth is abruptly checked when incipient plasmolysis has been reached. 
The reversible elasticity of the walls is constant within this whole range. In 
truly hypertonic solutions, with a much reduced growth, the presence of a 
probably transient plasticity of the walls is revealed. This phase is assumed 
to correspond to the first phase of the normal elongation with a dissolution of 
the cell wall. The growth in iso- to hypotonic solutions should correspond 
to the second phase with an active growth of the cell wall. 

The results are inconsistent with the assumption of an active water absorp- 
tion as a factor in cell growth, but support the theory of two different phases 
of growth, and that the fundamental principle is changes within the cell wall. 


The author is indebted to Miss Ruth Nilsson, who has skillfully carried out the 
main part of the experimental work. 
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Introduction 


Since first tested by Zimmerman and Hitchcock in 1942 (43, 44) 2,3,5- 
triiodobenzoic acid has been much used in physiological experiments, and 
many data as to its morphogenic and supposed florigenic properties have 
been accumulated. Some of its effects at least are thought to be mediated 
by the auxin system, mainly by an anti-auxin effect (17, 38, 7, 40), but in 
low concentrations it seems to have quite the opposite effect, tending to 
increase the activity of native or applied auxin (35, 1). As earlier shown by 
the author (1) its effects upon root growth are of a very peculiar type, and 
it was thought worth while to make a more detailed study of these effects, 
including also the use of mixtures with various auxins and auxin antagonists. 

Quite recently Leopold and Klein (25) have shown that maleic hydrazide 
is able to counteract the inhibition of the growth of pea root sections caused 
by 3-indolyl-acetic acid. The similarity of this effect to that caused by auxin 
antagonists of a rather different type made it desirable to study maleic 
hydrazide in the flax root test also, thus rendering a more detailed comparison 
with several of these other antagonists possible. 

All tests were made with young flax seedlings in solution culture (251 C, 
0.667 mM Na, HPO,+6 mM KH,PO,+5 mM Ca(NO,),, pH 5.9) as earlier 
described (1). The following substances have been used or mentioned in this 
study: 

TIB: 2,3,5-triiodobenzoic acid, C,H.J, : COOH, (PAL Chemicals Ltd.). 
MH: maleic hydrazide, (: CH: CO : NH:);,, (PAL). 
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IA; 3-indolyl-acetic acid. 
2,4-D: 2,4-dichlorophenoxyacetic acid. 
1-NMSP: a-(1-naphthylmethyl-sulfide)-propionic acid, 


CoH: CH, : S : CH(CH,) - COOH, 
(obtained through the courtesy of Professor A. Fredga, Uppsala). 


POiB: a-phenoxy-iso-butyric acid, C,H, - O : C(CH;), : COOH. 


Experimental results 


The action curves of pure TIB and MH are presented in figure 1 together 
with the curves for two auxins (IA, 2,4-D) and an auxin antagonist (1-NMSP). 
The peculiar form of the triiodobenzoic acid curve earlier published (1) is 
only slightly modified by the addition of much more experimental data, the 
growth in 19% and 3X10~° M being changed from c. 60 to c. 66 per cent. 
In a previous experiment (1) there was an indication of a synergistic effect 
between TIB and JA. New data as to the interaction of these substances have 
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Fig. 1. Effects of some growth-regulating substances on the root growth of flax seedlings. 

Root growth in per cent of control (G) plotted against a logarithmic concentration scale 

(M=mole per litre); n is the number of tubes, each with 14 ‘seedlings, represented by the 
points. 10-8 MH: G=100.7 (n=4). 2X10—5 1-NMSP: G—99.0 (n=48). 
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Table 1. Effects of TIB on roots grown in different concentrations of 1A. C=the growth 

of control roots in mm/17 h. n=number of tubes, each with 14 seedlings, used for each 

concentration (molarity denoted by an exponential number). Exps. 6—7 were made in 1950, 
1—5 and 8—37 in 1952. 


a ——, u —msjysu 


Root growth, relative values (C = 100): 
Exp. C n IA: 10—6 TIB + IA: 
3X 10-9|- 10-8 | 3><10-8 0 3X10—2| 10-8 | 310-8 

Br 26201083 70.6 48.2 24.3 69.8 43.7 24.1 14.4 

2 31.711663 70.3 39.6 23.6 66.9 37.0 21.2 12.0 

to 22 Seine 3 75.8 43.4 21.5 75.0 33.2 20.3 10.2 

Fae AD EE = 38.7 = 69.7 = 20.4 = 

ONE CRÉENT = 43.6 Hs 70.8 = 24.2 = 
3%X 10-9 IA + TIB 

0 10—7 10-6 |3X10-6 10-5 10-4 

Gu 255472 64.7 53.3 27.6 = 29.6 24.7 

7223| -3 73.1 60.9 36.1 =. 37.7 19.9 

See OSA 4 76.3 = 38.5 42.8 55.0 31.1 
3 X 10-8 IA + TIB: 

0 3X10-7| 10-6 |3xX10—6 10—5 |3X10—5| 10-4 

CROIRE EE 4 19.9 11782 16.2 15.9 177 = _ 

10/0) 24:31 F4 18.4 16.0 15.6 16.8 16.6 = = 

EISEN ge 19.0 ao = 13.9 16.7 34.4 23.8 

12 | 265 | 4 211 = = 12.6 19.4 25.3 21.3 


now been accumulated (table 1) and several experiments have also been made 
with mixtures of TIB and 2,4-D (table 2). 

A low concentration of TIB (10° M) will always increase the growth inhi- 
bition caused by IA or 2,4-D, while a higher amount (3X 10° M) gives some 
growth restoration. In a more easily surveyable form this appears from the 
G'-values of table 3, from which it may also be seen that the apparent anta- 
gonistic effects of high TIB concentrations are most conspicuous at strongly 
inhibiting auxin concentrations, a phenomenon which is mainly dependent 
upon the method of calculation (2). The situation is further complicated by 
the strong inhibitions caused by TIB alone. In order to obtain a clearer pic- 
ture of the real interaction of the tested substances the G’-values of table 3 
have been divided by the growth fraction in TIB only (G/100). For low concen- 
trations of IA and TIB we now find clear indications of a real synergism, 
while the effects of 3X10® M IA and 10° M TIB are apparently additive. 
The antagonistic effects of higher amounts of TIB are also clearly shown. 
For the combinations with 2,4-D there is only a slight and probably insigni- 
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Table 2. Effects of TIB on roots grown in different concentrations of 2,4-D. Values presented 
as in table 1. 


Root growth, relative values (C = 100) 


Exp.| € n 2,4-D: 10-$ TIB + 2,4-D: 
2.5X10-8|5X10-8| 10-7 0 [2.5Xx10-3|5%X10-8| 10-7 
13 2070 8 73.9 54.8 22.3 63.3 43.2 27.2 15.4 
LE BAY bes 69.1 49.3 22.4 55.2 44.3 28.2 16.8 
15°) 23.0. | 3 65.6 55.5 27.8 62.7 50.6 34.2 17.0 
164 21.6 1038 72.6 46.6 28.5 65.7 54.0 35.5 17.3 
4 | 25124 = 48.3 = 69.7 = 33.1 es 
1002261821 = 50.8 = 70.8 = 30.6 = 
2.5 X 10-8 2,4-D+TIB: TIB: 
0 10-6 10-5 | 10-6 10-5 
17. 20.6" 4 66.2 47.3 56.1 73.7 61.2 
IB 310 74 67.2 46.2 59.4 | 69.2 62.9 


19 | 25.3 4 23.2 20.1 Jos 19.2 3.2 = == 
20 | 27.3 4 24.9 21.6 19-7 20.6 26.2 — He 
210272 4 21.9 = = 19.9 24.9 36.8 = 
22202559 4 23.6 == = 20.6 27.1 44.6 ae 
23 | 22.6 4 23.6 = = = = 45.1 45.2 
24 | 25.0 4 23.0 == — = — 43.2 44.7 


ficant indication of synergistic TIB effects, the additive and antagonistic ones 
being wholly preponderant. 

The inhibitions caused by TIB alone (10~’—10-° M) could possibly be 
related to a synergistic effect upon the native auxin (1). It is then interesting 
to note that TIB shows such an effect also in relation to IA added in small 
amounts, but not in relation to 2,4-D. The possibility that the inhibiting 
effects of low TIB concentrations could be exerted via an IA-system, is further 
tested by the experiments of table 4. The restoring effects of 1-NMSP upon 
roots inhibited to the same degree by TIB or IA are of the same magnitude, 
while the effect upon 2,4-D-inhibited roots is stronger (publ. 2: fig. 3). The 
data are thus compatible to the assumption that the native auxin in the roots 
used as test objects is IA, but can naturally not prove such an assumption. 

Turning now to maleic hydrazide we meet an action curve quite different 
from that found for TIB. Low concentrations are apparently without signi- 
ficant effects, and from 10~* M on the curve turns steeply downwards. It is 
interesting to compare this result with that obtained by Leopold and Klein 
(25) for the straight growth of pea stem sections which are conspicuously 
inhibited already by 10° M MH. This inhibition is thought to result from an 
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Table 3. Root growth in different auzin solutions (IA, 2,4-D) with additions of TIB. Mean 
values from the experiments recorded in tables 1—2 and in figure 1. The exponential figures 
denote the number of experiments represented by each average value. 


ee 


À TIB: 
Auxin = 
10-7 [3X 10-17] 10-6 |3X10-6| 10-5 |3X10—5] 10— 
G==Root growth, relative values (C—100) 
None a |) 104 | 655 veau] Ser] rare: 252 
G’=Do. (growth in pure IA or 2,4-D = 100) 
3X10—9 IA .........] 82.92 z | 50.16 56.11 56.53 = 35.43 
10--8 2 ee = 51.75 — _ = — 
SION ne _ 86.72 64.75 75.64 89.14 | 148.82 | 111.72 
25x 10824-D... 7 — = 69.06 = 86.62 ~ = 
5 X 10-8 > = = 62.26 = = _ _ 
10-7 > 86.72 | 80.72 76.28 | 108.44 | 183.94 | 192.92 _ 
100 G’/G (TIB only) 
310-9 IA ......... 94 = 77 85 94 = 140 
10-8 Rn — _ 79 _ — _ = 
3X10-8 > oa... os 112 99 114 148 311 443 
2.5X 10-8 24-D | — _ 105 _ 144 = = 
5 X 10-8 » _ — 95 = — — - 
10-7 > 98 104 116 164 305 | 403 = 


Table 4. Root growth in TIB or IA with additions of 1-NMSP. Values presented as in table 1. 


Root growth, relative values (C=100) 


Exp. | C n 10-8 TIB+1-NMSP: 3X 10-6 TIB-+1-NMSP: 
0 eB ><10e-¢ |. 1025 0 | sed OE 
25. | 256 | 4 70.9 82.7 88.2 21.7 77.3 
26 | 27.0 | 4 66.2 78.4 83.3 62.9 76.4 
3X 10—9 IA + 1-NMSP: 10-8 IA 4-1-NMSP: 
0 | | 10-5 0 dor 
27 | 23.6") 4 66.7 85.2 42.4 59.0 
28 -| 22.7). 4 69.3 824 | 43.6 56.5 


antagonistic action on the native auxin, and correspondingly we should expect 
a stimulation of the root growth in the range 10-°—10~° M. For weak anti- 
auxins this effect may easily be masked, however, by very slight growth 
retardations not related to the auxin system, and the use of roots inhibited by 
externally applied auxin is then indicated. Experiments of this type are re- 
corded in table 5 and summarized in table 6. From this it appears that MH 
has indeed a weak antiauxin effect in flax roots too, and that this effect is 
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Table 5. Effects of MH on the growth inhibitions caused by IA or 2,4-D. Values presented 
as in table 1. 


Root growth, relative values (C = 100) 
| Exp. 6; n 310-8 IA + MH: 
vi, more] ne Bea 10 

290 | 24.7 Qt 21.2 — = 29.9 273 

OA ad A 18.7 = = 22.5 20.3 

3180) 22.2 U4 ud 2680 | ee es 21.6 23.4 20.7 

82, | 230 | 4 18:8. | 19:25 | 229 23.6 22.1 

33.) Mair 17.0 | 194 | 246 — = 
| 10-7 2,4-D + MH: MH: 
| 0 10-8. 10. | | 10-4 10-5 10-4 
| 7 
Be 25.0014 17.2 _ 192 | 18.2 98.0 87.2 
| 35 | 285 | 4 19.8 = 22.1 20.0 | 100.5 90.6 
30 222 34 20:6._| 2141 221 | 19.2 = = 
Bar 2231 A 18:80) 0420.80 601 | 19.3 — — 


Table 6. Root growth in 10-7 M 2,4-D or 3x10—8 M IA with additions of various sub- 
stances. Mean values from tables 3 and 5. Data for 1-NMSP and POiB from publs. 2—3 and 
from unpublished experiments (IA+1-NMSP). 


G’ = Root growth, relative values 
| Molar conc. 
. of Growth in 10-7 2,4-D — 100 Growth in 3X 10—8 IA~100 
un UE MH | 1-NMSP | POiB TIB MH | 1-NMSP 
| 
De EURE ES 76 107 140 113 65 108 125 
ON 108 _ 210 = 76 = 138 
MO re 184 109 301 159 89 134 188 
BER SUR: 193 — = 319 149 133 = 
JO ne nee = 101 — 372 112 121 = 


much more conspicuous in respect to JA than to 2,4-D. When the results are 
contrasted to those obtained with 1-NMSP this difference is further em- 
phasized. As all antagonists hitherto tested in the flax root test resemble 
1-NMSP in this respect, the preferential effect of MH upon IA must certainly 
be born in mind when seeking an explanation of its mechanism of action. 


Discussion 


The growth-regulating effects of TIB first described were the formative 
ones (44), among other things alterations in leaf shape and in the correla- 
tion of organs. The disturbed correlation may in some cases, esp. in tomato 
plants, lead to an abnormal preponderance of inflorescence formation (20, 
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45). No general florigenic activity can be ascribed to the substance, however; 
see (22). The stem internodes sometimes become shortened (17, 33, 41), the 
leaves often turn odd-shaped and epinastically curved (44, 42), and peculiar 
fasciation phenomena may occur (15, 20, 22, 41). TIB may further give rise 
to tumours which are, however, of another type than those resulting from 
growth-regulators of the auxin type (42). In contradistinction from the auxins 
TIB also lacks the ability to initiate root primordia (33, 42), and it favours 
abscission (17, 40, 42). 

Galston (17) suggested that the effects of TIB may be mediated by the 
auxin system, and showed that it could considerably reduce the effect of JA 
in the Avena curvature test when present in the proportion 5:1. When the 
amount of TIB was 100 times that of IA, the curvature was completely inhi- 
bited. Results of the same type were obtained by Waard and Florschiitz (38). 
It is also possible to annihilate the effects of TIB in promoting abscission or 
in modifying the leaf shape by the simultaneous application of IA (40, 41); 
in the latter respect also 2,4-D was tried and found active (41). 

In their tomato plant test Zimmerman and Hitchcock (43, 44) first found 
TIB to lack effects on the cell elongation, but later a slight response is 
reported (46). In the pea test Thimann and Bonner (35) found a positive 
effect of TIB alone (5X 10° and 10-* M) which disappeared, however, if 
the slit sections were washed for 2 hours in water before the experiment, 
suggesting the TIB effect to be mediated by the residual auxin in the stem. 
In this test as well as in the straight growth of Avena coleoptile cylinders 
and in the Avena curvature test they could show the effect of low IA amounts 
to be enhanced by slight TIB additions (see also 34), the inhibiting effects 
appearing first at fairly high TIB amounts. Muir and Hansch (26) report 
slight positive effects of TIB alone (5<10~’—5 X10~° M) on the elongation 
of Avena coleoptile sections, and similar results have been obtained in this 
laboratory (Dr. A. Khalil, unpublished data). 

Summarizing, it seems fairly evident that the TIB effects upon shoot parts 
must be of a dual or most probably a threefold nature: 


1) In low amounts it has weak auxin effects, which may well be due to a 
synergistic action upon residual amounts of the native auxin. This syn- 
ergistic action is apparent also when a slight amount of IA is added 
externally. 

2) In higher amounts TIB antagonizes the effects of externally applied 
auxins and apparently also of the native auxin. These latter effects have 
been shown to be reverted by the external application of IA or 2,4-D. 

| 3) High amounts of TIB may certainly also exert toxic influences of a less 

specific nature, eventually leading to the death of the cells (33). These 
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effects could easily merge with the inhibiting effects mediated by the 
auxin system, a good test for the latter ones being their reversibility upon 
further auxin application. 


The same types of responses may be discerned in the reaction of roots to 
TIB: 


1) The synergistic effect upon the native auxin causes the first decline of 
the action curve (10—#—10$ M) (figure 1). 

2) At somewhat higher concentrations (10-°—10”° M) the antagonistic 
effects become considerable. The synergistic effects presumably increase 
further in this range, counterbalancing the antagonistic effects, and con- 
sequently the action curve becomes almost horizontal. 

3) In the range 10-°—10~* M the antagonistic effects are certainly further 
strengthened, but now the toxic effects, not specifically related to the 
auxin system, set in with the final decline of the action curve as a result. 
To some extent these effects may come into play in the range 10-*—10-° 
M already. 


As to the synergistic effects it seems natural that they should be most con- 
spicuous at low auxin concentrations (native auxin only, or native auxin plus 
very slight external applications of IA), and that they should disappear when 
the auxin concentration reaches its maximum range. The absence of clear 
synergistic effects upon low amounts of added 2,4-D is of high importace for 
the understanding of the mechanism of these effects. The superposition of 
the inhibitions brought about by small amounts of TIB and 2,4-D is presum- 
ably due to the increment in the activity of the native auxin being added to 
the direct effect of 2,4-D. The calculation of the expected result of pure super- 
position (addition) as a product of both inhibitions is not strictly warranted, 
but seems to be the only way practicable till the action curves and other 
characteristics of both of the cooperating auxins are definitely known. That 
the presumed type of superposition may occur up to fairly high auxin con- 
centrations is shown by the combination 1077 M 2,4-D+10—° M phenyl- 
acetic acid (table 2 in publ. 3). 

If the strict quantitative proof of the absence of synergistic effects between 
TIB and 2,4-D can thus hardly be given at present, it is nevertheless evident 
that the synergistic type of action is much more pronounced in the coopera- 
tion of TIB with IA or the native auxin than in the former system. If we add 
the clear evidence of a synergistic action of TIB with the said auxin types in 
shoot parts (see above) and the continuously increasing indications that IA 
is in fact the principal native auxin (8), it seems that the synergistic effect of 
TIB could well be sought in an action on the enzymic systems regulating the 
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IA metabolism in plant cells. In this respect the announced inhibiting effect 
of TIB on IA-oxidase (19) may turn out to be important. The probable ab- 
sence of synergism in the system TIB+2,4-D would then indicate that 2,4-D 
is not or only slowly metabolized by the said enzyme system, and that the 
strong and lasting effects of 2,4-D could partly depend upon the inability of 
the plant to regulate the concentration of this auxin by its destruction. 

Another line of thought as to the mechanism of synergistic actions has 
been followed by Veldstra (37) and Thimann (35). They apparently assume 
that the synergist will mainly compete with the auxin for the inactive posi- 
tions in the plasm (cf. also Brian and Rideal, 10), leaving more auxin mole- 
cules free for occupying the active sites. Judging from the antagonistic phase 
of TIB action, this substance has a fairly high affinity for these latter places 
too, but perhaps the hypothesis may be followed out by assigning the proper 
numerical values to the affinities for different types of positions. It seems 
hard, however, in this way to find an explanation of the lack of synergism in 
respect to 2,4-D. This point thus seems to be of importance for the further 
elucidation of the mechanism of the synergistic action, and deserves addi- 
tional study. 

The antagonistic effects may be of the same type as those exerted by 
1-NMSP, isobutyric acid derivatives and so on, depending on a mass compe- 
tition for the active sites (1—4), but other possibilities also exist. Judging 
from the values of tables 3 and 6 TIB could well have antagonistic properties 
of about the same strength as 1-NMSP but the heavy corrections which are 
necessary to eliminate the synergistic and toxic effects, make the quantitative 
consideration difficult and doubtful. 

As to the toxic effects, at last, their mechanism remains to be elucidated. 
That the final decrease of the growth rate in concentrations higher than 
10° M TIB is scarcely due to exaggerated anti-auxin effects appears from 
the following data (extracted from tables 1—3): 


38x10 ""TIB, +3x10-° IA, +10-7 2,4-D. 

G= 47.9 29.9 45.0 
10-* TIB, +3xX10-° IA, +3xX1078 IA. 

G= 25.2 25.2 22.6 


It may further be noted that TIB in a concentration of 10° M immediately 
inhibits the oxidation of glucose, pyruvate and lactate by rat brain suspen- 
sion (6), and that it has a strong bacteriostatic effect on the tubercle bacillus 
already in the range 2X 10-°—10-* M (31). 


Maleic hydrazide has a remarkable power to inhibit the growth of plants 
without causing injuries (32). The meristematic growth is mosi easily 
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affected, while the expansion of cells and organs already formed may pro- 
ceed normally (21, 28). A concomitant accumulation of sucrose (27, 28) or 
polysaccharides (13) indicates that some phases of metabolism at least pro- 
ceed undisturbed. In very high concentrations MH seems to have a general 
toxic effect which results in growth inhibitions and also in a conspicuous 
inhibition of the respiration (29). 

The antimitotic effect is exerted at a very early stage (16) and at concen- 
trations which allow an almost undisturbed cell elongation (12, 16, 21). Such 
concentrations will thus not inhibit root growth before the meristematic zone 
becomes »used up», and considering the short experimental period used in 
the flax root test it seems certain that the antimitotic effects do not influence 
the results to any considerable extent. — Concentrations of MH which do 
not stop mitosis completely, may cause chromosome breaks confined to the 
heterochromatin, an effect which indicates that the substance could perhaps 
be cancer-producing as well (14). 

Plants sprayed with amounts of MH which still permit some growth, often 
show an abnormal activity of the axillary buds (28). This suppression of 
the apical dominance led Leopold and Klein (24, 25) to suspect an antiauxin 
effect, which could also be experimentally demonstrated for pea roots as well 
as for shoot parts. This effect has now been shown to occur in the flax root 
test also, but to be rather weak for this material and to be much more 
pronounced in respect to JA than to 2,4-D. As in the case of the synergistic 
TIB effects this suggests a possible relation to auxin metabolism. An acce- 
lerating effect of MH on IA-destruction has in fact been announced, and has 
already been applied to the explanation of the anti-auxin effects of MH (39). 
The strong effects of very slight amounts of MH (10~—® M and less) in pea 
root sections (25) could then conceivably be due to the higher amounts of 
IA needed for inhibition (3X10—$ M) and to the presence of a more active 
IA-oxidase system. 

Summing up, it seems necessary to assume at least the following types of 
responses to MH applications: 


1) Anti-mitotic and radiometic effects, which could possibly be due to a 
competition with the nucleic acid pyrimidines for enzymes (23, p. 15). 
2) An anti-auxin effect, which is most conspicuous in respect to IA, and 
which is perhaps caused by an accelerating effect upon IA-oxidation. 


3) A less specific toxic effect upon cytoplasm and enzymes, appearing at 
high concentrations. 


We have thus found that the synergistic effect of TIB as well as the anti- 
auxin effect of MH could possibly be related to the auxin metabolism in the 
plant, and suggest that such effects should be named metabolic in contra- 
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distinction to the competitive effects proper, which are thought to depend on 
a mass competition for the sites occupied by the auxin molecules when active 
in growth regulation. We thus obtain the following hypothetical scheme: 


ee ea ee ae ee ee, ee 
TIB MH 


Metabolic zeftectSgeratemsie certs ose. Auxin synergism Auxin antagonism 


Antimitotic and radio- 


Competitive effects’)... 2 cn 6552.56. Auxin antagonism 
mimetic effects (?) 


Denaturation of cytoplasm, inhibition of re- 


Non-specific toxic effects ............ ; 
spiratory enzymes etc. 


It must be emphasized that the distinction between metabolic and com- 
petitive effects is a relative one, and changes with the point of view. Here we 
place the growth-regulating mechanism of the auxin in the centre of our 
attention, and consider the auxin synthesis and destruction only in the second 
place. Turning to the TIB or MH effects upon these metabolic processes, it 
may well happen that some competitive mechanism will be found operative. 
As to the »non-specific toxic effects» it is perhaps most close at hand to think 
of a denaturation of the cytoplasmic proteins and enzymes, but naturally 
these effects may upon closer analysis turn out to be manifold and to be 
conditioned in different ways. 

Much more data on the auxin metabolism are needed before the metabolic 
effects of TIB and MH can be judged with any higher degree of certainty. 
The most clear-cut exemple of a metabolic auxin antagonism known at pre- 
sent is perhaps the effect of riboflavin in illuminated plant parts (18, 9). This 
type of auxin metabolism seems little specific, however, as it is apparently 
active not only in respect to IA but to 2,4-D as well (11). 

It remains to consider the possibility of specific influences upon the reac- 
tion chain initiated by the active auxin complex (or protected by the auxin, 
34 a) and resulting in the actual growth. Such an effect has been supposed 
for iodo-acetic acid (11a, 36). If the auxin inhibition of longitudinal root 
growth results from an overfunction of the reaction chain mentioned, and if 
the effect of iodoacetic acid upon this chain is specific enough in a certain 
concentration range (it also has other types of effects, see e.g. 25 a), then it 
could be expected to function as an antiauxin in root growth. Quite recently 
Pohl and Ochs (30) in fact reported a function of this type, observed on 
Lepidium roots inhibited by IA, TIB or 2,4-D. Several difficulties remain to 
be explained, however, before the mechanism of iodoacetate action on growth 
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can be judged with certainty, e.g. the strong stimulations of coleoptile growth 
occuring at low concentrations of the acid (36). 

Including the supposed effect on »growth metabolism» also, our scheme 
for antiauxin effects may be visualized in the following manner: 


I li 

| 

Ö Y 

—> auxin ————————_> 
synthesis destruction 
+—IIT IV 
active auxin | 
complex 


growth metabolism 


I and II: antagonists and synergists acting via the auxin metabolism, e.g. MH 
and TIB (both of them probably of type II). 

III: antagonists competing with the auxin molecules for the active places in 
the cytoplasm, e.g. 1-NMSP, POiB, TIB (?), etc. 

IV: antagonists acting via the growth metabolism, e.g. iodoacetic acid (?); 
TIB should perhaps be considered in this connection also. 


The hypothetical character of the scheme need perhaps not be further 
emphasized. It is only meant to point out clearly some possibilities which 
seem worthy of attention in designing further experiments on the effects of 
auxin synergists and antagonists. 


Summary 


The interactions of 2,3,5-triiodobenzoic acid (TIB) and maleic hydrazide 
(MH) with 3-indolylacetic acid (IA) and 2,4-dichlorophenoxyacetic acid 
(2,4-D) in regulating the root growth of young flax seedlings have been 
studied. TIB alone gives an action curve of a very peculiar type, the first de- 
cline (10-°—10~° M) being followed by an almost level part (10—5—10—5 M) 
at c. 65 °/o growth rate, which is then succeeded by the final decline. The 
first part seems to depend on a synergistic effect of TIB on the native auxin, 
an effect which is also apparent in combination experiments with low 
amounts of TIB and IA. In higher amounts TIB will act as an auxin antago- 
nist, effective against IA as well as 2,4-D. In still higher amounts finally, 
TIB causes a growth inhibition which is probably not specifically related to 
the auxin mechanism. 
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In growth experiments of short duration flax roots are very little sensitive 
to MH, the first conspicuous inhibition occurring at 10? M. In combination 
experiments there are weak antiauxin effects which are considerably more 
pronounced in respect to IA than to 2,4-D, possibly indicating a mechanism 
working via accelerated auxin destruction. The synergistic TIB effects could 
likewise be of the metabolic type, being mediated by an inhibiting influence 
upon the auxin destruction. 


= 
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Limiting Factors in the Growth of the Pea Seedling Root 
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In experiments with decotylized pea seedlings, aseptically cultivated in 
synthetic agar media, it was observed that the roots of the seedlings deve- 
loped very poorly, not only when compared with normal, unoperated seed- 
lings, but also — which was more surprising — when compared with excised 
pea roots grown under identical conditions. 

This difference was particularly striking in cultures kept in darkness, 
where ihe shoot is completely dependent upon the root-system for the supply 
of all necessary nutrients. The difference might therefore be interpreted as 
indicating that, under the experimental conditions, the synthesizing capacity 
of the root is sufficient for optimal growth and development of the root it- 
self, but not for the root and the shoot together. Biosynthesizing systems 
which satisfactorily fulfil the requirements of the excised root may thus be- 
come »bottle-necks» in the supply of metabolites necessary for the growth and 
development of the seedling. If such an interpretation be correct, it might be 
possible to compensate for this insufficiency by supplying one or more of the 
limiting factors through the nutrient medium. In the experiments described 
below, evidence is presented that arginine, glycine, and adenine actually 
represent limiting factors in pea seedling root growth — probably the most 
important ones — under the conditions of the experiments. 

This paper deals almost exclusively with root growth in terms of mms. 
per day (or per 15 days). A more extensive report of the results, including 
data of shoot growth, dry matter production, formation of lateral roots, 


and anatomical differentiation, will be published elsewhere in the near 
future. 


[292] 
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Figure 1. The two types of culture tubes 
used in this investigation. a: test-tube cul- 
ture; b: Ryan-tube placed so that the agar 
medium solidifies in the central segment 
of the tube; c: Ryan-tube culture with 
growing seedling. C:a i/8 of natural size. 


Material and Methods 


The variety »Torsdag II» of pea (Pisum sativum L.) was used in all experiments. 
After sterilization with calcium hypochlorite according to Wilson (1915), the seeds 
were soaked in distilled water for 18 hours. They were then allowed to germinate in 
darkness on plates of plain water agar at + 19° C. After 48 hours, when the primary 
root was 2 to 3 cm long, the cotyledons were removed and each seedling was trans- 
ferred to a tube with an agar medium. 

Two different types of culture tubes were used for the experiments. The first, 
»test-tube», type (Figure la) was an ordinary, short culture tube, 15 cm long and 
with a diameter of 18 mm. It contained ten ml. of agar-medium. 

The other type, the »Ryan-tube», agreed in all respects with the sort of tube used 
by Ryan et al. (1943) for growth studies on Neurospora, except that one of its up- 
turned, straight terminal segments was rather long, circa 20 cm. Fifteen ml. of agar- 
medium was poured into each of the Ryan-tubes and allowed to solidify in the long, 
central segment, the latter being kept in a horizontal position (Figure 1b). 

After autoclaving, when the agar had solidified, the tubes were inoculated with 
the excised roots or the decotylized seedlings. The Ryan-tubes were then placed in a 
slanting position as is shown in Figure 1 c. 

in the ordinary culture tubes no exact measurements could be made during the 
experiments, which usually lasted 15 days, and consequently only the final values 
of root length, etc. were obtained. In the Ryan-tubes, however, the growth of the 
main root, the development of laterals, etc. could be followed from day to day. 

The basic agar-medium was the same as that used by Robbins (1946) for cultiva- 
tion of tomato roots, but containing 2 per cent sucrose, instead of 1 per cent, and 
(except in the preliminary experiments) supplemented with a vitamin mixture, which 
according to Saubert-von Hausen (1948) contains the water-soluble vitamins in 
amounts optimal for the growth of Pisum. 

The cultures were incubated at +25° C in complete darkness. 
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Experiments 


The difference in growth rate between the excised and the attached roots 
was first observed in experiments with short culture tubes, where the cul- 
tures were incubated for 10, 15, or 35 days in darkness. Although the growth 
rate may vary considerably from one experiment to another, the difference 
in question is always significant, as can be seen in Table 1. 

The shape of the growth curves was determined through Ryan-tube experi- 
ments. It appeared that the growth rate was about the same in all roots 
during the first five days (Figure 2). The excised roots then continued to 
grow at about the same rate, though in some cases somewhat more slowly 
during the period between the fifth and the tenth day. The attached roots, 
on the other hand, soon stopped growing completely, or continued to grow at 
a very reduced rate. 

A series of experiments was then set up in order to find out if the attached 
roots could be brought to a normal growth rate by appropriate additions to 
the medium. Circa 8 mm per day was considered normal, since this cor- 
responds to the growth rate of all roots during the very first days and to that 
of excised roots in continuous culture. The decotylized seedlings were grown 
in ordinary culture tubes, since these were most convenient for experimental 
series comprising a great number of cultures. A significant increase in root- 
length after 15 days incubation time was considered as indicating a positive 
effect worth further investigation. 

First, it could be demonstrated that certain additions, more or less unde- 
fined chemically, actually promoted the growth of the attached roots. As 
shown by Table 2, yeast extract, hydrolysed casein, and yeast nucleic acid 
produced significant positive effects. Not only the length but also the dry 
weight of the root was increased. At least in some cases, a similar tendency 
could be traced in the shoots, too. 


Table 1. Length and dry weight of attached and excised roots of Pisum cultivated in test- 
tubes in complete darkness. The figures represent average values of six parallels. 


ee Time Length in mm. Dry weight in mg. 

Sxpt. a 

No. dace Cotyledon-less plant fitisié Cotyledon-less plant Excised 

Shoot Root root Shoot Root root 

1049 | 10 86 + 3 85 + 3 102 + 3 7.6 4.2 8.2 
15 118 +6 105 + 7 129 + 4 — — _ 

1052 35 195 + 10 86 + 2 149 + 13 12 4.0 10.6 

1059 15 98 + 5 77 +4 112 +8 6.4 4.1 11.4 
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Figure 2. Growth of excised roots (curve a: 
average of six cultures) and roots of decotyl- 
ized seedlings (curve b: average of five cul- 
tures) in Ryan-tubes. Basal medium without 


any further additions. 5 do TEE 
Time in days 


Table 2. Length of shoot and root of decotylized pea seedlings Cultivated in test-tubes with 
various additions of organic materials. Time of incubation 15 days. The figures represent 
average values of six (exceptionally, five) parallels. 


R + Length in mm. 
Expt. Addition per tube (and root length in 0/0 of control) 
No. (mg.) 
Shoot Root 
Control (no addition) ...... 94 + 6 82+3 (100) 
Veastuextnact LOM. cco tear sais 107 + 4 115+4 (140) 
968 4 | Casein hydrolysate, 1 .....| 108 +4 107 +5 (131) 
» » OR 105 + 6 122-5 (150) 
Yeast nucleic acid, 5 ....... 108 + 5 100+5 (122) 
Control (no addition) ...... 90+9 79+4 100) 
982 Yeastzextrach 100. nce 101-7 103 +15 (131) 
Yeast nucleic acid, 5 ....... 109 + 3 107+11 (136) 
Control (no addition) ...... 719 +5 95 +5 (100) 
993 J | Casein hydrolysate, 2 ....., 10243 1244+ 5 (131) 
» » i acon Bee 130+6 (137) 
» » ALORS. 95 + 4 103 +13 (109) 


As the casein hydrolysate is equivalent to a mixture of amino-acids, the 
action of single amino-acids on root growth was tested, each one in four con- 
centrations: 0.03, 0.1, 0.3, and 1 millimole per liter. Of all the amino-acids 
known to form part of casein, only arginine, glycine, and, to a lesser degree, 
glutamic acid were found to produce any positive effect on the growth of the 


20 
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Table 3. The effect of arginine, glycine, and glutamic acid on the length of shoot and root 
of decotylized pea seedlings cultivated in test-tubes for 15 days. The figures represent 
average values of six parallels. 


Length in mm. 


Expt. Addition (and root length in °/o of control) 
No. (millimole /liter) ew ee eee 
Shoot | Root 
No addition 2:24. 94 + 6 8243 (100) 
L-Arginine, 0.1 ............ 81 +6 7842 (96) 
Le GR HS Me 9343 | 10445 (127) 
TUE bb inated 104 + 8 9148 (111) 
No addition .............. 90 +9 79+4 (100) 
9324| L-Arginine, 0,3 ....er..... 9646 | 107+4 (135) 
N EE 109+7 | 100+11 (127) 
eas | No-addilion asset ve 80 +5 7442 (100) 
L-Arginine O08 ee Paces ces 9346 | 11842 (160) 
Nosaddition es...) 91 + 6 8646 (100) 
999 /| Glycine, 0.03 .............. 83 +3 8243 (96) 
no ee 78+5 9043 (105) 
LA TE RE ES 8543 | 106+5 
No addition ...2. tunes 89 + 5 8243 (100) 
Glycine 0.08 een gen. 85 + 4 7842 (95) 
1069 POO DR RE Ce 99 + 4 88 +2 (107) 
3. AU ee 2e. 9+1 1065 +2 (128) 
lt ne 72 +6 7342 (89) 
No addition .............. 103 + 4 82 +2 (100) 
L-Glutamic acid, 0.03 ...... 109 + 4 91 + 3 Le 
1064 > Fete Comey ie 105 + 3 9144 (111 
» FA RSS TS 115 + 6 101 + 4 ee 
> FT HONS sales 11543 | 1024.5 (124) 


seedling roots (Table 3). Cysteine, methionine, and particularly hydroxypro- 
line were inhibitory even in small amounts. 

The optimal concentration of the three growth-promoting amino-acids was 
0.3 millimole per liter. In order to determine whether this effect involved a 
continuing increase in the rate of growth or simply a prolongation of the 
initial period of rapid growth, some experiments were performed with Ryan- 
tube cultures. 

The growth-curves obtained show that each of the three amino-acids, 
arginine, glycine, and glutamic acid, when added alone to the medium, caused 
a considerable increase in the growth rate of the root. In the experiment 
illustrated by Figure 3, the average increment per day amounted to 0.61 mm 
in the control and 3.28 mm with arginine, during the last ten-days period. 
In another experiment, glycine was found to produce a daily increase in root 
length of 2.75 mm, compared with 0.67 mm in the control (Figure 4). 
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Figure 3. Growth in Ryan-tubes of excised 

roots in basal medium (curve a) and roots 

of decotylized seedlings in basal medium 

without (curve b) and with (curve c) an 

addition of 0.3 millimole per liter arginine. 

Average values of 4, 8, and 7 cultures in 
a, b, and c, respectively. 


Time in days 


Figure 4. Growth-curves of roots of deco- 
tylized pea seedlings which were cultivated 
in Ryan-tubes on the basal agar medium 
with the following supplements: 0=no ad- 
dition; Arg=0.3 millimole/l. arginine; Gly= 
0.3 millimole/l. glycine; Ad=0.3 millimole/l. 
adenine; Arg+Gly+Ad=all three com- 


pounds added, 0.3 millimole/l. of each. 
Average values based on 4 to 8 cultures. 


The effect of a number of other substances was also tested. A growth- 
promoting activity was found only in the case of free or ribose-linked ade- 
nine, the most active concentration being about the same as that of the 
amino-acids mentioned above, viz. 0.3 millimole per liter. This may explain 
the positive effect obtained earlier with yeast nucleic acid. It could be demon- 
strated in Ryan-tube experiments that the activity of this purine was about 
the same as that of arginine and glycine, and, like those, adenine produced 
a persistent increase in the growth rate of the root (Figure 4). 

Combinations of the active compounds gave considerably stronger effects. 
When arginine, glycine, and adenine were added together in optimal con- 
centrations to the medium, a growth rate (4.92 mm/day) about seven times 
that of the control (0.67 mm/day) was obtained (Figure 4). This growth rate 
is not greatly inferior to that of excised roots under the same conditions, 
which is about 8 mm per day (Figure 2 and 3). 
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Table 4. The effect of ornithine, citrulline, and hypoxanthine on the length of shoot and 
root of decotylized pea seedlings cultivated in test-tubes for 15 days. The figures represent 
average values of six parallels. 


EEE À 


Length in mm. 
Expt. Addition (and root length in 0,0 of control) 
No. (millimole per liter) = 
Shoot Root 

No addition: 2... 23... 00... 87 +6 7743 (100 

L-Arginine, 0.3 ............ 90 + 8 10043 (131 
L-Ornithine, 0.03 .......... 85 +5 85+4 (111) 
x) TOME cade. ahead 95 +5 9845 (128) 
EEE 100 RARE 9646 | 10343 (135) 
1077 > RER: Site Beyer or 107 + 2 108 +5 (140) 
L-Citrulline, 0:03: . ......... 105 + 6 85+4 (111) 
» AUS ER PRE 101 +6 88 + 6 ee 
> gre et Sees 88 +5 98-5 (128) 

> N tinea 100 + 8 7243 (94) 
f No: addition: #22... 8445 75+3 (100) 
1008 Adenine,” 0.3 nee. eee 92 + 2 91+ 6 (121) 
\ Hypoxanthine, 0.3 ........ 95 + 4 88 +4 (117) 
984 Nora ddtion M. 86 + 4 76+3 (100) 
\| Hypoxanthine, 0.3 ........ 93 + 4 103+5 (135) 
{ No addition .............. 90 +9 7944 (100) 
982 / | Hypoxanthine, 1 .......... 114 +1 11442 (145) 
| > NOR ee 100 + 5 9945 (126) 
» EEE 90+ 6 82+5 (105) 


An attempt was also made to determine whether any of these root-growth 
promoting substances could be replaced by some chemically or metabolically 
related compounds. It turned out that ornithine and citrulline exerted exactly 
the same effect as did arginine, and adenine could be exchanged for hypo- 
xanthine (Table 4). This last substance was even more favourable than ade- 
nine, in so far as it did not act inhibitory in concentrations above 0.3 milli- 
mole per liter. Guanine, on the other hand, was completely inactive or, in 
higher concentrations, inhibitory. 


Discussion 


Through the numerous investigations by Robbins, White, Bonner, and 
others, it has been made perfectly clear that excised roots of the pea plant 
— as well as excised roots of several other dicotyledonous plants — can be 
grown indefinitely and at a fairly normal rate in a medium containing very 
few preformed organic metabolites (sugar, thiamin, niacin, and pyridoxin). 
However, if the root carries a growing, but not photosynthesizing, shoot and 
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is deprived of the stored material of the cotyledons, its biosynthetical capacity 
appears insufficient to ensure a normal growth rate of the root. While the shoot 
is developing comparatively rapidly, the root under such circumstances soon 
stops growing completely, or almost so. At least a great part of the organic 
material built up in the root is obviously transported to the shoot and utilized 
there. The mechanism giving the shoot this »priority position» in food supply 
is entirely obscure. 

This insufficiency in the synthesizing capacity of the root can be com- 

pensated at least partially, by suitable additions to the medium. As evidently 
several different metabolites are synthesized at too low a rate, an enhance- 
ment of the growth rate can be brought about by various means. Thus, addi- 
tions of any one of the three substances, arginine, glycine, and adenine, caused 
a certain increase in the rate of root-growth; a much heavier effect, however, 
was produced by a simultaneous addition of these three substances together. 
As the attached root grows quite normally even in darkness, provided that the 
cotyledons are not removed, it might be concluded, that arginine, glycine, and 
adenine (or possibly precursors or derivatives of these substances) represent 
three essential components of the organic material normally flowing from 
the cotyledons to the growing parts of the seedling. The root is obviously 
capable of synthesizing these factors by itself (which is evident from cultures 
of excised roots), although not at a rate high enough to support a normal 
growth of both shoot and root. 
This partial heterotrophy provides certain possibilities for a study of path- 
ways of biosynthesis in the pea seedling. The fact that arginine can be ex- 
changed for ornithine and citrulline indicates that these two amino-acids can 
serve as precursors to arginine also in the pea plant according to the well- 
known sequence of the Krebs-Henseleit urea cycle: ornithine > citrulline > 
arginine. In a similar way it may be inferred that hypoxanthine can serve as 
a precursor to adenine. 

All three of these metabolites, arginine, glycine, and adenine, have earlier 
been reported to play significant roles in processes of growth or metabolism 
of various higher plants. At present, I will only refer to Bonner’s (1949) 
demonstration of arginine as a limiting factor in Avena coleoptile growth, 
to White’s (1939) claim that glycine represents an essential component of the 
nutrient medium for root tip cultures of tomato (which, however, has not 
been confirmed by Robbins 1946, and others), and, finally, to the interesting 
observations regarding adenine as a factor in pea epicotyl elongation (Gal- 
ston and Hand 1949) and in various processes of differentiation (Skoog and 
Tsui 1948). 
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Summary 


In decotylized pea seedlings maintained aseptically in darkness, root- 
growth very soon ceases completely or almost completely. By adding argi- 
nine, glycine, and adenine (0.3 millimole per liter of each) to the nutrient 
medium, it proved possible to produce an almost normal growth rate of the 
root. Arginine could be exchanged for ornithine or citrulline, adenine for 
hypoxanthine, these substituents probably serving as precursors in the bio- 
synthesis of arginine and adenine, respectively. 


This investigation has been generously supported by grants from »Harald och 
Greta Jeanssons Stiftelse», Stockholm, and Eli Lilly and Co., Indianapolis. 
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Introduction 


In a previous paper (Jorgensen 1952) growth experiments were described 
using Nitzschia palea in plastic containers of polystyrene. It was shown that 
the growth of the diatoms increased with increasing Si-concentration. It was 
not possible with the methods used to determine whether the diatoms at the 
termination of the experiments had used all the silicon in the culture solu- 
tion or the growth had stopped at a definite Si-concentration. First, the 
method then used for silicon determination only gave an accuracy of +50 ug 
Si per liter. Secondly, the author at that time did not know methods to avoid 
the interference of phosphate in the silicon determination. 


Methods 


In the methods used for silicon determination (Bunting 1944) as described in the 
present article the interference of phosphate is prevented by adding tartaric acid to 
the sample in question after the other reagents have been dispensed. It has been 
shown by different authors that oxalic and citric acid have the same effect (see 
references in Bunting 1944 and Armstrong 1951). 


Determination of silicon. 

The yellow method. At silicon concentrations higher than 1 mg Si per liter the 
method of Diénert and Wandenbulcke was used (see Jorgensen 1952). The yellow 
colour is due to a silicomolybdate complex developed. Five minutes after the addi- 
tion of the usual reagents 4 ml of 10 per cent tartaric acid is added (to 100 ml 
samples) to prevent the phosphate interference. By the addition of tartaric acid (or 
oxalic or citric acid) the intensity of the yellow colour decreases (also if © phos- 
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Figure 1. Calibration curve of silicon. The 
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phate is present) dependent of the amount of acid. When using the blue method 
and a solution of 1/2 mg Si per | the extinction value decreases by about 30 per cent 
and the like is the case when the yellow method is used. Studies on the method 
after the work with the experiments was finished show that 1 ml 10 per cent 
tartaric acid (or oxalic or citric acid) is sufficient to avoid the interference of phos- 
phate in the concentrations used in the experiments described in this paper (ca. 
1 mg P per liter). By the addition of 1 ml tartaric acid the extinction value decreases 
only by about half of the decrease when 4 ml is added. 
This method gives an accuracy of +0.1 mg Si per liter. 


The blue method. At silicon concentrations lower than 1 mg Si per liter the 
yellow silicomolybdate complex is reduced to the intense molybdenum-blue complex. 
A great number of methods with different reduction reagents have been described. 
The method described by Bunting (1944), with use of amino-naphthol-sulfonic acid 
as the reduction reagent, has been preferred by the author. Similar methods have 
been described by Olsen et al. (1944) and Straub and Grabowski (1944). 

Reduction reagent. (A) 90 g sodium bisulfite is dissolved in 800 ml of silica-free 
dist. water. (B) 7 g of anhydrous sodium sulfite is dissolved in approximately 100 ml 
of silica-free water. To solution (B) 1.5 g of 1-amino - 2-naphthol - 4-sulfonic acid is 
added. The solution is shaken until all is dissolved. Solutions (A) and (B) are mixed 
and made up to a total volume of 1 liter. 

The reduction reagent shall be kept in darkness. It is important that the reagent 
should not be older than about a fortnight. A reagent older than that gives a lower 
intensity of colour with the same silicon solution than a new one. 


Procedure. After the addition of the same reagent as used by the yellow method 
(H,SO,, ammonium molybdate and tartaric acid) 1 ml of the reduction reagent 
is added. 

The extinction values of the solutions were determined after 20 minutes with an 
»EEL» colorimeter, the same red filter as for chlorophyll determinations (205 red) 
being used. By the experiments described 10 ml samples were used and corresponding 
volumes of reagents. 


The method gives an accuracy of +5 ug Si per liter. 
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The influence of salinity on the colorimetric determination of silicon. In Experi- 
ment 2 the diatoms were cultivated in sea water with a salinity of 10 °/oo. So it was 
necessary to examine the influence of the salinity on the methods for silicon deter- 
mination. The influence appears from Figures 1 and 2. 

In Figure 1 it is seen that the yellow method in sea water with 10 °/oo S gives an 
extinction of 50—70 per cent of the values in distilled water, the difference in- 
creasing with increasing silicon concentration. 

In Figure 2 the influence of the salinity on the blue method is shown. It is seen 
that the method in sea water gives about 80 per cent of the values in distilled water. 

The influence of the salinity found by the author for the yellow method is 
greater than that found by Wattenberg (1937) and Robinson and Spoor (1936) for 
the same method. The greater influence by the modified method used here is due 
to an effect of the tartaric acid reagent. The decrease in intensity of colour by adding 
tartaric acid is greater in sea water than in distilled water. 

On the other methods used in the experiments see Jorgensen 1952. 


Experiment 1 


Experiment with Nitzschia palea (Kütz.) W. Smith. The original cells of 
the Nitzschia palea culture were isolated from the material from the eutro- 
phic lake Lyngby Se. 

The diatoms were cultivated in plastic containers of polystyrene in a north- 
facing window in March 1st—24th at a temperature of about 20° C. The 
culture solution was the same modification of Rodhe VIII as previously used 
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Figure 3. Growth of Nitzschia palea (Exp. 1) at various Si-concentrations. 
The vertical lines show the variations of four single cultures. 


(see Jorgensen 1952) with 50 ml nutrient solution in each container. About 
2,500 cells of Nitzschia palea were inoculated for each container. 

Three series of experiments were carried out. The initial Si-concentration 
was 0.3 (I), 1.3 (II), and 5.3 (III) mg Si per liter. In each series 24 containers 
were used. 

Seven days after the start of the experiment four random containers in 
each series were removed from the experiment. In the containers removed the 
silicon concentration in the culture solutions and the chlorophyll content of 
the diatoms were determined. The same procedure was repeated with four 
containers in each series at intervals of 3 or 4 days. 

In Figure 3 the average increase in chlorophyll content expressed as 
extinction values are plotted for the three series of experiments. The varia- 
tion in the four single determintions is shown by the vertical lines. It is seen 
that the chlorophyll content is higher in Series IT than in Series I and highest 
in Series III with the high initial Si-concentration. Furthermore it is seen that 
there is a good growth from the 7th to the 13th day but after this the chloro- 
phyll content is nearly constant. 

Fig. 4 shows the conceniration of silicon in the culture solutions during 
the experiment. There is a distinct decrease in the Si-concentration from the 
start to the 13th day in the three series of experiments, but from then on the 


= 
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Table 1. Si-concentrations in Experiment 1. Nitzschia palea. 


0.3 mg Si/l (I) 1.3 mg Si/l (II) 5.3 mg Si/l (III) 
Days after start... 13 16 19 23 | 13 16 19 23 13 16 19 23 


ee 


dom 3025 25 35 30 15 30 30 25 15 


Si-concentration 35 30 35 15 35 29 50 15 35 35 30 15 
in ug/liter 300050 2035 77730 35 45. 35 20 35 35 3020 

40 80 40 35 70 80 35 20 — 455-35 20 

Average ce || OL 46 37 24 | 41 40 GES 1S 33 36 40 18 


Table 2. Growth of Nitzschia palea. 


D nn nn nn m nn nn nn 


13th day 23rd day 
Number |Chlorophyll| Number |Chlorophyll 
of cells ext. of cells ext. 
3.175.000 5.0 3.963.000 5.9 
en a 3.675.000 5.6 6.075.000 6.0 
eee 3.775.000 5.8 10.265.000 6.8 
Average ...... | 3.542.000 5.4 6.768.000 | 6.2 


concentration is nearly constant, independent of the initial Si-concentration. 
It is thus evident from the two figures that the time at which the diatoms 
reached the maximum coincides closely with the time when the threshold for 
silicate uptake is reached. 

Table 1 shows the silicon concentrations in ug per liter in the single cul- 
tures from the 13th to the 23rd day after the start. From the 13th to the 19th 
day the Si-concentration in most cultures is about 30—40 ug Si per liter. On 
the 23rd day two cultures in each series have reached a concentration of 15 
ug Si per liter. 

While the chlorophyll content is constant from the 13th day in Series I 
and II there is a slightly increase in Series IIJ. In Table 2 are listed the num- 
ber of cells and. the chlorophyll content from the 13th and the 23rd day in 
Series III. It is evident that both the chlorophyll content and the number of 
cells are greater on the 23rd day than on the 13th day. So in this series there 
has been some growth after the levelling-off of silicon uptake. 

The experiment shows that the growth of Nitzschia palea stops or nearly 
stops at a silicon concentration of 30—40 ug Si per liter independently of the 
initial Si-concentrations. The Si-concentration in the cultures is reduced even 
further but very slowly during the last days of the experiment, in some cul- 
tures down to a concentration of 15 pg Si per liter. In experiments of longer 
duration the Si-concentration perhaps will be reduced a little further. 
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Figure 4. Si-concentration of culture solutions during Exp. 1. 


Relation between the growth and the Si-assimilation during the experiment. 
A comparison of the rel:tion between the growth and the Si-assimilation 
seems to.show that this is not the same during the different periods of the 
experiment. 

In Table 3 are listed partly the increase of chlorophyll content in extinc- 
tion values per day, partly the Si-assimilation in mg per day, and at last the 
Si-assimilation in mg per chlorophyll unit (extinction value 1) for the three 
series of experiments in Experiment 1. The values are only listed for the 
0—13th day while the Si-assimilation is 0 or nearly 0 in the other days of the 
culture period. 

The table shows that the Si-assimilation in mg per chlorophyll unit in 
Series I and IT is greatest in the second period (7th— 10th day), and in Series 
III it is greatest in the first period (0—7th day) and greater in the second 
than in the third period. This suggests that in the period with surplus of 
silicon in the culture solution more silicon is assimilated than necessary. This 
surplus of silicon in the diatom cells then forms a reserve at new cell divisions 
when the Si-minimum is reached. 
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Table 3. Si-assimilation in Nitzschia palea. 


SS mm mmmmmmnn—nmmmmmmnnn———— ku 


Increase of chlorophyll Si-assimilation Si-assimilation 

content in extinction in mg per day in mg per ext. 

Days values per day in series in series value | in series 
NES lit SL EU ee 
0—7 0.0 0.03 0.01 0.011 0.04 0.04 — 1.3 4.0 
7—10 0.03 0.07 0.70 0.013 0.25 1.21 0.43 3.6 167 
10—13 0.17 0.20 1.07 0.048 0.07 0.44 0.28 0.35 0.44 


Experiment 2 


Experiment with Bacillaria paradoxa Gmelin. The orginal cells of the 
Bacillaria paradoxa culture were isolated from alga material from the Sound. 

This brackish water species was cultivated in natural sea water from the 
Sound (salinity about 10 °/,.). The same amounts of Ca(NO,),, Na, HPO,, 
KHCO,, ferric citrate-citric acid, and soil extract as in the modification of 
Rodhe VIII used in Experiment 1 were added to the water. The diatoms were 
cultivated in a north-facing window in May 10th—28th at a temperature of 
about 20° C. About 4,000 cells of Bacillaria paradoxa were inoculated to each 
container. Three series of experiments were carried out. The initial Si-con- 
centration was 0.8 (I), 1.8 (II), and 5.8 (III) mg Si per liter. Experiment 2 
was carried out in the same way as Experiment 1. 

Figure 5 shows the concentration of silicon in the culture solutions in the 
three series of experiments. The concentration decreases very rapidly during 
the first 7 or 8 days and after this the concentration is constant or decreases 
very slowly. The Si-concentration of the single cultures from the 7th—18th 
day is listed in Table 4. There is a slight decrease from about 30 ug Si to 
5—10 ug Si per liter in Series II and III. In one single culture it was not 
possible with the method used to detect any silicon at all in the culture solu- 
tion. 


Table 4. Si-concentrations in Experiment 2. Bacillaria paradoxa. 


0.8 mg Si/l (I) 1.8 mg Si/l (I) 5.8 mg Si/l (III) 

Date saree 70109 1214) 18-,-7 | 9 Pt) 14/18) | 11 | 14 | 18 
10.1645: 1.25.1.18,1.102],4,55,1,25,.1,25: 110,105) 154} 10,,,.10 | ‚0 

Si-concentration 35) | 159/25) | 20 | 7157| 10.30) 30) 20 3.1720 1771077 10 5 
in pg/l 40 | 30 | 45 | 20 | 20 | 10 | 35 | 35 | 25 | 10 | 35 | 35 | 15 | 5 

— | 30 | — | 20 | 30 | 40 | 45 | 45 | 50 | 10 | 35 | 35 | 20 | 10 


Average mann 28 | 23 | 31 | 19 | 19 | 16 | 34 | 34 | 26 | 8 | 24 | 23 | 14 
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Figure 5. Si-concentrations of the culture solutions 
during Exp. 2 (Bacillaria paradoxa). 


So the uptake of silicate takes place in a similar way in Experiments 1 
and 2, but while the Si-concentration at the termination of Experiment 1 was 
15—20 it was only 5(0)—10 ug Si per liter in Experiment 2. 

The curves in Figure 6 shows the chlorophyll content in the three series 
of experiments. As in Experiment 1 the chlorophyll content is highest in the 
series with the highest initial Si-concentration. Besides the vertical lines show 
that there is a great variation in the chlorophyll content in the four single 
cultures from the same days. 


Perhaps by the addition of a greater volume of soil extract to the culture solution 
the variation of the chlorophyll content in the four single cultures would be smaller. 
Experiments with Nitzschia palea and different concentrations of soil extract (0, 5, 
10, 20, and 40 ml per liter) showed that the variation in chlorophyll content in the 
four single cultures was smaller with 10, 20, and 40 ml soil extract added than with 
0 or 5 ml per liter. The maximum values of chlorophyll content was about the same 
at the different concentrations of soil extract. 
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Figure 6. Chlorophyll content in Bacillaria paradoxa 
cultures during Exp. 2. 


In Series I and II the chlorophyll content increases nearly constantly during 
the culture period. In Series III the chlorophyll content is approximately 
constant during the last five days of the experiment. 

This difference in growth between Series III and the series with lower 
initial Si-concentrations is perhaps caused by another growth factor which 
in Series III has become limiting due to the vigorous growth. 

Another experiment carried out by the author with Bacillaria paradoxa showed 
that addition of Fe as ferric citrate-citric acid during the experiment gave an increase 
in chlorophyll content. A further increase of chlorophyll content was produced when 
both Fe, N, and P were added during the experiment. So in Series III one or more 
of these three factors were limiting. 


Figure 7 shows the number of cells of Bacillaria paradoxa during Series 
II and III in Experiment 2. The counting of the cells of this diatom was very 
troublesome, and it was not possible for the author to get a satisfactory accu- 
racy in the countings. This is due partly to the very thin frustules without any 
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Figure 7. Number of cells of 
Bacillaria paradoxa during 
Exp. 2, Series II and III. 
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structure and partly to the tendency of the cells to conglomerate. Different 
methods for preparation of the cells were tried but all without satisfactory 
results. So the number of cells in Figure 7 is connected with great inaccuracy, 
but the numbers suggest that the growth takes place in a similar way as in 
Experiment 1. 

In Experiment 1 there was a good agreement between the chlorophyll con- 
tent of the cells and the number of cells. This appears from the few cell count- 
ings in this experiment. This is not the case in Experiment 2. While the 
growth (number of cells) after about 10 days had stopped, the chlorophyll- 
formation continued to the termination of the experiment (Series I and II). 
So in experiments with Bacillaria paradoxa it is impossible to use the increase 


of chlorophyli content during the experiment as a measure for the growth 
of the cells. 
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Table 5. Experiments in plastic containers. 


re 


Number of | 
Species days in Si pg/liter 
culture 
Navicula seminulum Grun. ........... 10 15—15—25 
Stephanodiscus hantzschii Grun. ...... 22 35—35--50 
Asterionella formosa Hassall ........ 12 65 
Thalassiosira fluviatilis Hust........... 30 40 


The size of the two species, Nitzschia palea and Bacillaria paradoxa used 
in the two experiments is about the same and the production in number of 
cells is also nearly identical. But the figures 4 and 5 show that while Nitzschia 
palea reaches the Si-minimum of the 13th day, Bacillaria does so on the 7th 
day. So the growth is much faster in Bacillaria than in Nitzschia. This is 
probably not caused by a difference in the species but mainly by the greater 
intensity of light in Experiment 2 (May) than in Experiment 1 (March). 


Experiments with other species 


In some smaller experiments Si-determinations have been carried out to 
get some idea of the Si-assimilation by other species. In Table 5 four species 
are listed, three freshwater species cultivated in Rodhe VIII and Thalassiosira 
fluviatilis cultivated in natural sea water from the Sound. All species were 
cultivated in plastic containers. In these experiments, where only one deter- 
mination of silicon is carried out during the experiment, we cannot get any 
detailed idea of the growth of the diatoms. But the table shows that the level 
of silicon in the two first and in the fourth experiment is about the same as 
found in the two experiments with Nitzschia palea and Bacillaria paradoxa. 
In the case of Asterionella the value is a little higher but the experiment was 
not good because of i.a. contamination with Chlorella. 

Besides these experiments the author has determined the silicon concen- 
tration in some stock cultures cultivated in pyrex flasks. It is seen from Table 
6 that also here the Si-concentration is at about the same level as in the 
experiments in plastic containers. Further it is seen that in most of the stock 
cultures two months old the silicon concentration is a little higher than in the 
cultures one month old. Some silicon has been dissolved from the frustules 
or from the pyrex flasks. 

In the case of Nitzschia linearis the values are a little higher than those 
from the other species. This is no doubt due to the fact that there was a great 
deal of dead cells in these stock cultures. 


21 
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Table 6. Experiments with stock cultures in pyrex flasks. 


Sr I 


Number of 
Habitat Species months in Si pg/liter 
culture 
DES ee PR TR, QU ee EEE 
Amphora veneta ?. "eee { A 5 
Brackish Achnanthes brevipes Agardh .............. { ; 1 
water Bacillaria paradoxa Gmelin .............. { à is 
Thalassiosira fluviatilis Hust. ............ 1 25 
Navicula seminulum Grun........ CRT { ; nn 
hab ae 2 95 
Brees INTEZSCRUG UIMCCEIS AVES RD EEE reciente tote tote { 1 65 
water || Nitzschia palea (Kütz.) W. Smith ......... { > a 
Surirellajovata Kütze. eins... ete ole ake wie ee 2 50 
1 35 
Discussion 


Experiments by other authors. Very few authors have determined the 
silicon concentration in diatom cultures. The only paper known by the author 
is that of King and Davidson (1933). They did not find Si-values lower than 
150 ug silica per liter (=70 ug Si per liter) in cultures cultivated in large 
museum jars with an inside coating of bakelite varnish. These values were 
on a higher level than those found in this paper. Previously the author sup- 
posed (Jorgensen 1952) that King and Davidson did not know the influence 
of phosphate on the determination of silicon. But in a paper by King and 
Stantial (1933) this interference is carefully discussed. 

The Si-concentration in natural waters. The silicon concentration in rela- 
tion to the growth of diatoms in nature has been dealt with by various 
authors. From freshwater the following three papers have to be referred to. 
Meloche et al. (1938) did not find Si-concentrations below 0.2 mg Si per liter 
in Mendota Lake. The lowest value published by Gardiner (1941) is 0.14 mg 
Si per liter, but this is the monthly average value for May 1939. The lowest 
Si-concentrations found by Lund (1950) during the spring maximum of 
Asterionella formosa was 0.1—0.5 mg SiO, per liter. It is seen that the values 
found by these three authors are on a higher level than those found in my 
experiments, but this is undoubtedly due to the smaller accuracy of the 
method for silicon determination used by the authors mentioned (the yellow 
method). 


SILICATE ASSIMILATION BY DIATOMS 313 


Much smaller values of silicon are published from sea water. In shallow 
water of the English Channel Atkins (1926) on April 22nd and June 3rd, 
1925, found that no detectable silicate was left with the method used where 
40 ug SiO, per liter was equal to the blank or limiting value. The same was 
the case on May 17th, 1926, (Atkins 1928) and July 4th and 11th, 1928, 
(Atkins 1930). 

At Plymouth Armstrong (1951) on May 3rd, 1950, at a depth of 5 m found 
the minimum value of 11 ug Si per liter determined with the blue method 
with stannous chloride as reduction reagent. 

In Kieler Fjord Krey (1942) found very low values for silicon: Station 
Institutbriicke July 24th, 1939: 17 ug Si, Station Laboe July 24th, 1939: 0.0 
ug Si per liter and other values a little higher from other dates. His minima 
for Si-concentrations in most cases correspond with maxima in chlorophyll 
content (i.e. max. of diatoms). 

During a year the author has carried out investigations (not yet published) 
in some Danish eutrophic lakes in order to study the relation between Si- 
concentration and the growth of diatoms. The author has found that the 
smallest Si-concentrations were about the same level as found in his experi- 
ments. In the lake Lyngby Se the Si-concentration during the maxima of 
Stephanodiscus hantzschii decreased to 30—35 ug Si per liter in the spring 
(April) as well as in September 1952. In the lake Furese during the maximum 
of Stephanodiscus hantzschii March to April 1952 the Si-concentration during 
a month was about 30—35 ug Si per liter. On a single day of investigation the 
minimum value of 5 ug Si per liter was found. 

On the silicon factor in culture experiments with diatoms. As shown by 
the experiments in this paper the silicon concentration decreases very rapidly 
during the growth of diatoms. Thus the silicon in diatom experiments rapidly 
is a limiting growth factor. So in diatom experiments where other factors 
than silicon are studied it is very important that silicon is present in surplus. 
If no silicon is added the experiments will often give quite misleading results. 

Denffer (1949) describes growth experiments with Nitzschia palea. His Fig. 
3 shows the varying rate of growth at the temperatures 8—-30° C. After 12 
days about the same number of cells per mm° was reached in all cultures. 
This is without dcubt due to the silicon concentration which has reached the 
minimum value in all cultures. His Table III shows a similar experiment with 
different intensity of light (500—2,000 lux). Here, too, the rate of growth is 
different, but the number of cells is the same in all series when the growth 
stops (the silicon is the growth-limiting factor). Finally his Fig. 5 shows a 
growth experiment where the number of inoculated cells at the start of the 
experiment was varied (3—200 cells per mm). Here as in the two experi- 
ments above the growth of the different series stops after a different ::umber 
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of days, but the number of cells is the same in all series when the growth 
stops. Silicon is the limiting growth factor. 

Goldberg et al. (1951) studied the uptake of phosphate by the marine dia- 
tom Asterionella japonica, using natural sea water without addition of silicon. 
The results of growth experiments with varying phosphate concentration 
(2.7—12.8 ug atoms per liter) appears from his Table II. The number of cells 
in the cultures at the termination of the experiment was nearly identical in 
the four series with different initial phosphate concentration. Without doubt 
the silicon here was the limiting growth factor. 


Conclusion 


It appears from the experiments as well as from the investigations in 
nature that where there is a vigorous growth of diatoms the Si-concentration 
in the medium will decrease very rapidly to a silicon concentration of 30—40 
ug Si per liter and a further uptake of silicon will go on very slowly, diffe- 
rently in different diatom species. 


Summary 


Two experiments with Nitzschia palea and with Bacillaria paradoxa, respec- 
tively, are described. The diatoms were cultivated in plastic containers of 
polystyrene. In each experiment three series with different initial Si-concen- 
trations were carried out (0.3, 1.3, and 5.3 mg Si and 0.8, 1.8, and 5.8 mg Si 
per liter). 24 containers in each series were used. The growth was determined 
by the increase in chlorophyll content, in some cases also by the number of 
cells. The Si-concentrations were determined during the experiments with the 
methods described. 

In both experiments the Si-concentration decreased rapidly to a level of 
30—40 ug Si per liter independently of the initial Si-concentration, and then 
further uptake took place only very slowly. In Experiment 1 concentrations 
down to 15—20 ug Si and in Experiment 2 down to 5(0)—10 ug Si per liter 
were found at the termination of the experiments. 

The growth of Nitzschia palea (increase of chlorophyll content and number 
of cells) stopped or nearly stopped when the Si-concentration of 30—40 ug 
Si per 1 was reached. The same was the case in Experiment 2 with Bacillaria 
paradoxa concerning the increase of number of cells, but in this experiment 


on the other hand the increase in chlorophyll content continued to the termi- 
nation of the experiment. 
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Through investigations in some Danish eutrophic lakes the author found 
that the Si-concentration decreases to a similar level as found in the experi- 
ments, 30—40 ug Si per liter during the diatom maxima. 


References 


Armstrong, F. A. J.: The determination of silicate in sea water. — Jour. Mar. Biol. Assoc. 
30: 149. 1951. 

Atkins, W. R. G.: Seasonal changes in the silica content of natural waters in relation to the 
phytoplankton. — Ibid. 14: 89. 1926. 

— Seasonal variations in the phosphate and silicate content of sea water during 1926 
and 1927 in relation to ihe phytoplankton crop. — Ibid. 15: 191. 1928. 

— Seasonal variations in the phosphate and silicate content of sea water in relation to 
the phytoplankton crop. Part V. — Ibid. 16: 821. 1930. 


Bunting, W. E.: Determination of soluble silica in very low concentrations. — Ind. Eng. 
Chem. Anal. Ed. 16: 612. 1944. 
v. Denffer, D.: Die planktische Massenkultur pennater Grunddiatomeen. — Arch. Mikro- 


biol. 14: 159. 1949. 

Gardiner, A. C.: Silicon and phosphorus as factors limiting development of diatoms. — 
Jour. Soc. Chem. Indust. 60: 73. 1941. 

Goldberg, E. D., T. J. Walker & A. Whisenard: Phosphate utilisation by diatoms. — Biol. 
Bull. 101: 274. 1951. 

Jorgensen, Erik G.: Effects of different silicon concentrations on the growth of diatoms. 
— Physielogia Plantarum 5: 161. 1952. 

King, E. J. & V. Davidson: The biochemistry of silicic acid. IV. Relation of silica to the 
growth of phytoplankton. — Biochem. Jour. 27: 1015. 1933. 

King, E. J. & H. Stantial: The biochemistry of silicic acid. I. Microdetermination of silica. 
— Ibid. 27: 990. 1933. 

Krey, Johannes: Nährstoff und Chlorophylluntersuchungen in der Kieler Föhrde 1939, — 
Kieler Meeresforsch. 4:1. 1942. 

Lund, J. W. G.: Studies on Asterionella formosa Hass. II. Nutrient depletion and the 
spring maximum. Part I. Observations on Windermere, Esthwaite Water and Blelham 
Tarn. — Jour. Ecol. 38: 1. 1950. 

Meloche, V. W., G. Leader, L. Safranski and C. Juday: The silica and diatom content of 
Lake Mendota water. — Trans. Wisconsin Acad. Sci., Arts and Lett. 31: 363. 1938. 

Olsen, A. L., E. A. Gee, V. McLendon and D. D. Blue: Precision and accuracy of colori- 


metric procedures as analytical control methods. Determination of silica. — Ind. Eng. 
Chem. Anal. Ed. 16: 462. 1944. 

Robinson, R. J. & H. J. Spoor: Photometric determination of silicate in sea water. — Ibid. 
8: 455. 1936. 


Straub, F. G. & H. A. Grabowski: Photometric determination of silica in condensed steam 
in presence of phosphates. — Ibid. 16: 574. 1944. 

Wattenberg, H.: Critical review of the methods used for determining nutrient salts and 
related constituents in salt water. — Rapports et Procés-Verbaux des Réunions, 103: 
1601937: 


PHYSIOLOGIA PLANTARUM, VOL. 6. 1953 


Carbon Dioxide Concentration, Respiration during Photo- 
synthesis, and Maximum Quantum Yield of Photosynthesis 


By 
E. STEEMANN NIELSEN 


Botanical Department, Royal Danish School of Pharmacy 
(Received March 13, 1953) 


1. Introduction 


Warburg and Negelein 1922, 1923 were the first to answer the question: 
how many quanta are necessary for photosynthesis of a carbon dioxide mole- 
cule under the most favourable conditions. Their quantum yield values, calcu- 
lated from manometric measurements using the unicellular green alga 
Chlorella, turned out to be nearly 1/,, in other words four quanta are neces- 
sary for the reduction of one molecule of carbon dioxide. 

For 15 years this result was considered final. Then some American plant 
physiologists, Manning et al. 1938 and Emerson and Lewis 1938, began an 
attempt to check the experimental foundations of the theory. These investiga- 
tions gave rather deviating results. A rich literature on the subject both on the 
part of Warburg and on the part of his opponents soon followed. Rabinowitch 
1951 in his book on photosynthesis, chapter 29, has given an adequate re- 
view of this literature. 

It can be summarized to the effect that the American school led by Emer- 
son claimed a quantum yield of about !/,, at the most whereas Warburg and 
collaborators in a series of articles published new experimental data accord- 
ing to which the maximum quantum yield was about !/,—1},. The two sides 
never seem to have doubted the experimental data of the opposite party. 
They have always been able to repeat each other’s experiments. 

In treating and utilizing the experimental data the two sides have, how- 
ever, differed very remarkably without being able to explain convincingly 
what was wrong with the view of their opponents. It should be mentioned 
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that the results of nonmanometric measurements of the quantum yield agree 
with the low figures found by Emerson and co-workers (Gabrielsen 1947, 
Rabinowitch 1951). 

Whereas the arguments used by Emerson and his school against the 
utilization by Warburg of his experimental data must be found in the book 
by Rabinowitch mentioned above, the recently published argument by War- 
burg 1952 explaining why Emerson and his school have never been able to 
find a quantum yield higher than about !/,, will be closely examined. Burk’s 
and Warburg’s (1951) one-quantum theory according to which photosynthesis 
may be divided into a light reaction and a dark reaction will not be dealt with 
in this article. 

By measuring quantum yield Warburg had till then always used an acid 
medium with a concentration of carbon dioxide of 5 per cent by volume or 
still more. Emerson and his school on the other hand have usually employed 
an alkaline medium (Warburg buffer no. 9). The concentration of free CO, 
in this medium is about 0.2 per cent. Whereas Warburg previously had con- 
sidered this buffer as unphysiological and therefore abandoned the applica- 
tion of it in measuring the quantum yield, he now tried to show that the 
reason why a high quantum yield cannot be obtained in buffer 9 is the carbon 
dioxide concentration being too low. 

Figure 1 in Warburg et al. 1951 gives the results of both experiments in 
acid (pH 4) and in alkaline (pH 9) medium and is intended to show that a 
carbon dioxide concentration of 5 per cent per volume is necessary in order 
to produce maximum quantum yield in photosynthesis. Up to a concentration 
of about 0.2 per cent proportionality between CO, concentration and quantum 
yield is found according to this figure. Photosynthesis in Chlorella pyrenoi- 
dosa at a low light intensity should thus need extraordinary high concentra- 
tions of carbon dioxide in order not to be limited by this factor. This claim 
startled the author of the present article (see also Rabinowitch 1951, p. 1053). 
Having worked with the dependence of water plants on carbon dioxide con- 
centrations the statement of Warburg seemed quite absurd. 

Knowing well that other arguments could be mentioned against the quan- 
tum theory of Warburg (see i.a. Rabinowitch 1951) an attempt was made to 
show that just the apparently high CO, demand in the experiments of War- 
burg offer the opportunity to refute the high quantum yield claimed by him 
and his co-workers. Therefore the experiments given below were made. A 
short notice of the results has been published (Steemann Nielsen 1953). The 
same strain of Chlorella pyrenoidosa as used by Warburg has been employed. 
A culture was obtained through the kindness of Professor Harder at the 
Botanical Institute in Gôttingen, where Warburg’s strain of Chlorella pyre- 
noidosa originally had been isolated and where the strain is still cu ‘tivated. 
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2. Carbon dioxide concentration and rate of photosynthesis 


All reliable investigations of the dependence of photosynthetical rate on 
carbon dioxide concentration have shown the same main lines (see Steemann 
Nielsen 1952). At low concentrations, the curves for different light intensities 
merge into a single straight line. By approaching saturation they more or less 
gradually turn horizontal. At low light intensities saturation is first achieved. 

In submerged water plants the concentration of CO, necessary for an 
optimum rate of photosynthesis first of all depends on the distance for the 
diffusion of CO,. The ability to use HCO,- ions directly in photosynthesis 
will often obscure this (Steemann Nielsen 1952), but in species without this 
ability or in an acid medium the dependence on the distance for diffusion is 
rather distinct. 

In a minute alga like Chlorella pyrenoidosa the distance for the diffusion 
is rather short. It should therefore beforehand be expected that the CO, 
saturation level at saturating light intensities would start already at very low 
concentrations of CO,. Some investigations (Warburg 1919, Whittingham 
1952) have confirmed this. Investigations on the rate of photosynthesis seem 
never to have been made in Chlorella pyrenoidosa varying at the same time 
CO, concentration and light intensity as made e.g. by Hoover, Johnston, and 
Brackett 1933 in wheat and by van den Honert 1930 in the unicellular alga 
Hormidium. Such experiments, therefore, were made and the curves were 
extended up to very high concentrations of CO.. 

Chlorella pyrenoidosa was cultivated in Drechsel gas washing bottles in the 
main according to the directions of Burk and Warburg 1951. A complete 
imitation was impossible since Warburg employed water from a well in the 
garden of his institute. The concentrations of MgSO,, KH,PO,, NaCl, and 
KNO, were furthermore decreased to one half. The salinity of Warburg’s 
culture medium is about one third of that of oceanic water, although with a 
different composition of ions. The increase of cells during 48 hours during 
the present investigations was practically the same as stated by Warburg. 

To obtain optimum growth under the conditions used by Warburg and 
the present author a concentration of carbon dioxide of about 5 per cent in 
the air bubbling through the Drechsel gas washing bottles is to be used. 
Already a concentration of 1 per cent renders a definitely weaker growth. 
The high demand of carbon dioxide is, however, by no means an indication 
that such a high concentration is necessary in the water in order to produce 
a maximum rate of photosynthesis. Water in equilibrium with 5 per cent car- 
bon dioxide in the air has a concentration of 4.4 per cent by volume at 20° C. 
If the rate of photosynthesis is high, due to a dense culture of the alga, and 
pH is about 4—5 (the pH used for cultivation) the absorption of carbon di- 
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oxide from the rather big air bubbles in the gas washing bottles is much too 
slow if ordinary air is employed. If on the other hand a low concentration of 
Chlorella is found in the bottles thus using only small amounts of carbon 
dioxide, growth is identical when the water is aerated either with 5 per cent 
carbon dioxide or with ordinary air (about 0.03 per cent). Only when the con- 
centration of Chlorella has increased to an extent giving the water a marked 
green colour it is necessary to use an air current containing more carbon di- 
oxide than ordinary air. Warburg writes on p. 340 (1952): » Wächst sie (Chlo- 
rella) in der freien Natur schneller, so erhält sie Kohlensäure aus anderen 
Quellen als der Atmosphäre, oder das Wasser, in dem sie wächst, enthält 
organische Stoffe.» This argument is wrong. The good growth in nature of 
Chlorella at a low concentration of carbon dioxide is due to the concentration 
of the alga being of quite another order of magnitude than in the cultures 
reared for experimental work. 

The rate of photosynthesis and respiration was determinated by measuring 
the production and uptake of oxygen. Winkler’s method was employed. All 
experiments were made in duplicate. 12-ml bottles with glass stoppers were 
used. The experiments were carried out in a big water bath (dimensions: 
65 X65 X 30 cm). The whole front wall is glass, so that the experimental bottles 
can be illuminated by twelve 20 W tubular fluorescent lamps (Philips 33 a), 
which give a light with a spectral composition near that of daylight. A mirror 
is placed behind the lamps. In the middle of the bath is a rotating disc which 
can accomodate thirty 12 ml bottles. The maximum light intensity employed 
was 9,000 lux. Lower intensities were obtained by using neutral filters 
(Change filters). The temperature was constant at 0.2° C during the experi- 
ments, the duration of which was from 90 to 240 minutes. 

Figure 1 gives a typical example of a series of experiments at a high — but 
not saturating — light intensity (7,000 lux). The temperature was 21° C. The 
concentration of free carbon dioxide varied from 0.025 to 5.0 per cent by 
volume. Up to a concentration of 0.2 per cent pH was 9.4, at higher concen- 
trations, 4.2. pH was without any effect at all on the rate of photosynthesis 
(total) in the present series of experiments at the concentrations of carbon 
dioxide employed. 

In an article to be published later it will be shown that in Chlorella pyrenoidosa 
variation of pH in certain cases has an influence on the rate of photosynthesis at a 


saturating carbon dioxide concentration. In absolutely first-class cultures such a 
pH-dependence, however, is not observed. 


If the concentration of carbon dioxide is to be varied to the extent shown 
in Figure 1 it is necessary to employ a different pH at the two extremes of the 
curve. Otherwise either the salt-concentration at 5 per cent carbon dioxide is 
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Figure 1. Photosynthesis in Chlorella, at 21° C., 7000 lux, as a function 
of the carbon dioxide concentration. 


too high, or the amount of available carbon dioxide at the lowest concentra- 
tion is too small. 

The saturation level was found between 0.1 and 1.0 per cent CO,. The con- 
centration 0.025 per cent is on the ascending part of the curve, whereas 5 
per cent is definitely above the optimum concentration of CO,. In at least 
one of the enzymatic processes in photosynthesis thus a concentration of 5 
per cent carbon dioxide acts as a poison. 

Figure 2 shows another series of experiments at pH 6.8 (at all concentra- 
tions of carbon dioxide), 9,000 lux, and 21° C. The same fall of the curve 
above a concentration of about 1 per cent is seen. 

Figure 3 shows the results of similar experiments at the low light intensity 
600 lux made simultaneously with the experiments illustrated in fig 2. The 
rate of photosynthesis is at 600 lux limited by the rate of the photochemical 
processes. A partly poisoning of one of the enzymatic processes is without 
importance at this light intensity. Between a concentration of 0.05 and 0.2 
per cent free CO, the rate of photosynthesis was found to be nearly constant. 
But above that concentration the curve is ascending. The rate of photosyn- 
thesis apparently increases by about 50 per cent by increasing the CO, con- 
centration from 0.5 to 3.0 per cent. This is to some extent identical with what 
the curve in Figure 1 by Warburg et al. (1951 b) shows. Warburg’s and the 
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present experiments thus agree very well although quite different methods 
in determining photosynthesis have been employed. 

Several other series of these experiments were made, all showing a consider- 
able rise of the curve above CO, concentrations of about 0.1—0.4 per cent 
CO,. By raising the CO, concentration from 0.1 to 5 per cent the rate of 
photosynthesis increases up to 100 per cent. 

The shape of the complete curve in Figure 3 entirely deviating from the 
shape of the curves at high light intensities, however, clearly shows tuat the 
present curve does not solely represent the dependence of photosynthesis on 
the carbon dioxide concentration. Whereas an increase of the concentration 
of carbon dioxide from 0.03 to 0.3 per cent only increases the rate of real 
photosynthesis by about 7 per cent, the increase of the concentration from 
0.3 to 3 per cent carbon dioxide increases the rate by 60 per cent. Two diffe- 
rent processes, both dependent on concentration of carbon dioxide, must be 
responsible for the shape of the curve in Figure 3. 

After all, the only other process besides photosynthesis involved in the car- 
bon dioxide and oxygen metabolism is respiration. The rate of respiration in 
the dark, however, does not seem to depend on the amount of CO, at the 
concentrations used. Table 1 shows that variations of the carbon dioxide con- 
centration between 0.4 and 5 per cent have no influence on the rate of respi- 
ration of Chlorella in the dark. pH was 4.15—4.18, temperature 21.0° C. 
Other series at pH 6.8 and pH 9.2 have rendered the same result. 
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Figure 3. Photosynthesis in Chlorella, at 21° C., 600 lux, as a function 
of the carbon dioxide concentration. 


Table 1. 
Concentration of CO» Rate of respiration, 
per cent by volume arbitrary units 
5.0 { a 99 
b. 104 
12 { a. 100 
b 91 
0.4 { a. 99 
b. 96 


Whereas the concentration of carbon dioxide is thus without importance 
for the rate of respiration in the dark, it may be different for the rate in 
light. Warburg et al. 1949 have published experiments according to which 
the oxygen uptake by a Chlorella suspension in light is exactly the same as in 
the dark. They therefore rejected all hypotheses which postulate an interrela- 
tion between photosynthesis and respiration. Warburg et al., however, worked 
under conditions of complete abscence of carbon dioxide. The vessel used for 
the experiments (manometrical methodics) had two lateral arms containing 
alkali. In this vessel the oxygen consumption in the dark and in light was 
practically identical. 


As will be shown in a subsequent article, Warburg’s results can only be explained 
by photo-oxidation being involved (cp. Rabinowitch 1951). 
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If carbon dioxide is found in a high concentration, light, however, may 
influence the rate of respiration. This hypothesis is supported by some other 
observations. 

Kok (1948) showed that the light curve in photosynthesis undergoes a 
sudden change of slope by a factor of about 2 somewhere near the compensa- 
tion point. He made these experiments at a carbon dioxide concentration of 
5 per cent using a manometrical method and the alga Chlorella pyrenoidosa. 
Kok presumed that dark respiration upon illumination is completely sup- 
pressed and substituted by another mechanism. 

In later investigations Kok (1949) used a carbon dioxide concentration of 
only 0.2 per cent. Although the temperature was increased to 30° C in order 
to get high respiration rates, only a slight bend was found. The slope of the 
light curve only changed by a factor of about 1.33. The change of slope of 
the light curve has never been observed in Chlorella by the school of Emer- 
son, who has always used a low concentration of carbon dioxide. 

The only other investigator demonstrating a distinct change of slope of 
the light curve in the neighbourhood of the compensation point is van der 
Veen 1949 who made his experiments with tobacco leaves in air with a car- 
bon dioxide concentration of 3.6 per cent. In ordinary air (0.03 per cent car- 
bon dioxide) a significant bend has never been observed by anybody in leaves. 

Neither Kok nor van der Veen has considered the high concentration of 
carbon dioxide as a necessary factor to bring about a distinct bend in the 
slope of the light curve. The idea is, however, obvious when the curve in 
Figure 3 is considered at the same time. 


3. The blocking of respiration in light at a high 
concentration of carbon dioxide 


As rendered probable in the section above, the rate of respiration at a high 
concentration of carbon dioxide decreases in light. The stage of respiration 
where this process is blocked is in accordance with Calvin and Massini 1952 
(see later) suggested to be the oxidative decarboxylation of pyruvic acid. 

In light at a high concentration of carbon dioxide thus two separate »pro- 
cesses» will occur at the same time: ordinary photosynthesis and »anti- 
respiration», a word coined by Rabinowitch. In this article it will be used 
as synonymeous with the blocking of respiration. It must, however, be 
stressed that antirespiration is no proper process but only the result of an 
inhibition of respiration. In Figure 4 the curve in Figure 3 is analysed accord- 
ing to this scheme. The carbon dioxide curve of photosynthesis at 600 lux 
now resembles the curves at higher light intensities. 
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Figure 4. »Antirespiration» and rate of photosynthesis 
in Chlorella at 600 lux (see text). 


Antirespiration is saturated already at rather a low light intensity. At these 
low light intensities — e.g. 600 lux in the experiments illustrated in the curve 
of Fig. 3 — the rates of the two »processes» are of the same order of magni- 
tude. If the two rates are exactly the same and the energy requirement in 
antirespiration is supposed to be negligible, the quantum yield will apparently 
be twice the ordinary quantum yield in photosynthesis. According to Figure 
1 in Warburg 1951, the rate of antirespiration in his experiments seems to 
have been twice the rate of normal photosynthesis. His curve ascends to a 
value 3 times as high when increasing concentration of carbon dioxide from 
0.2 to 5 per cent. His statement of the maximum quantum yield in his experi- 
ments, therefore, must be divided by a factor of 3 in order to get the quantum 
yield in ordinary photosynthesis. 

There is no reason to believe that the ratio: rate of photosynthesis/maxi- 
mum rate of antirespiration has any fixed value at any light intensity. The 
rate of antirespiration is in all probability dependent in some way on the 
rate of respiration which on the other hand is not correlated to the rate of 
photosynthesis. The rate of respiration may vary highly for many causes in 
contrast to the rather constant rate of photosynthesis at a light intensity 
where light is the sole limiting factor. 

The light used for measuring quantum yield is given intermittently by 
Warburg and his school after they have in 1951 started using relatively low 
concentrations of Chlorella which only absorb part of the incident light. Up 
till then very dense cultures had been employed, often (see Warburg and 
Burk 1950) absorbing practically all light within a 1 mm thin bottom layer 
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of the suspension. About 95 per cent of the algae were thus in the dark at 
any given moment. Because of rapid shaking any single alga was illuminated 
intermittently, the dark periods being about 19 times as long as the light 
periods. Because of this intermittence of illumination it was possible to use 
higher intensities of the incident light. 

The principle of intermittence has been retained in the new experiments 
using a rather low concentration of Chlorella. The duration of the light and 
dark periods is one minute for each. It has never been stated by Warburg 
why just this special ratio of 1 : 1 is to be employed. This principle, however, 
must be considered of importance by Warburg although the intensity of the 
incident light is very low. 

It has been shown from many quarters — first by Warburg 1919 — that 
it is only possible at high light intensities to increase light utilization by using 
intermittent light. At low intensities no increase is found. Nor should we 
expect to find an increase as a photochemical process is here the limiting 
factor. 

If only the rate of photosynthesis was measured by Warburg and his school 
the principle of using intermittent light in their experiments for measuring 
quantum yield should be considered of no use at all. If on the other hand the 
rate of antirespiration is measured as well, matters may be different. 

The rate of photosynthesis in intermittent light of low intensity has always 
been measured at a low carbon dioxide concentration. Warburg (1919) thus 
employed his buffer 9 with a concentration of carbon dioxide of 0.2 per cent. 
Antirespiration here will be of no importance at all. By using a high concen- 
tration of carbon dioxide at a low light intensity the rate of antirespiration is 
of importance. This rate will very likely increase if an intermittent illumina- 
tion is employed. Whereas it was only possible for me by increasing the con- 
centration of carbon dioxide to increase the rate of photosynthesis + anti- 
respiration by about 100 per cent, this rate was increased by about 200 per 
cent by Warburg when the concentration of carbon dioxide was increased 
from 0.2 to 5 per cent. This is by no means an exact demonstration that anti- 
respiration increases by illuminating intermittently. Other factors may be 
responsible for the deviation between the two results. The fact that Warburg 
and his school attach importance to the use of intermittent light is, however, 
an important support for the hypothesis. It has not been possible to illuminate 
intermittently during the present investigations. Experiments are now planned. 

The heat of combustion of carbohydrate is 112 kcal per gram atom carbon. 
It is 92 in pyruvic acid and 0 in carbon dioxide. The reduction levels in carbo- 
hydrate and pyruvic acid thus do not differ very much. The amount of energy 
necessary to reduce a carbon atom from the pyruvic acid level to the carbo- 
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hydrate level thus is only 18 per cent of the energy necessary to reduce a 
carbon atom from the carbon dioxide level to the carbohydrate level. 


It is by no means a matter of course that antirespiration requires energy 
supply. This process may most likely just be caused by an enzyme being 
inactivated. As to be mentioned in Chapter 4 Calvin and Massini (1952) sug- 
gested an inactivation in light of the enzyme capable of oxidative decarboxy- 
lation of pyruvic acid. If on the other hand antirespiration is caused by a 
reduction of pyruvic acid back to the carbohydrate level, the necessary supply 
of energy is to some extent negligible as compared with the supply of energy 
necessary in ordinary photosynthesis. The energy probable necessary in anti- 
respiration may then possibly be supplied through energy-rich phosphates 
which are produced during the ordinary photosynthesis (cf. Franck 1949). 


Instead of computing the quantum yield from the slope of the light curves 
Warburg and co-workers have nearly always confined themselves to measure- 
ments at a single light intensity. Using their new technique they first com- 
pensate for respiration by using white light, and then, by adding a definite 
amount of light energy of a definite wave length, they measure the increase in 
the rate of oxygen production or carbon dioxide uptake. Warburg et al. (1951) 
mention that the absorbed light intensity must be small if a maximum yield is 
to be obtained. In fact they have used extraordinarily small light intensities. 


» Will man das Maximum der Energieausbeute erhalten, so darf die absor- 
bierte Lichtintensität nicht zu hoch sein. Sie war bei unseren Versuchen im 
Blau und Rot etwa 3 mm? Quanten pro Min. und im Grün etwa 4 mm? Quan- 
ten pro Min.» 4 mm? quanta in the green part of the spectrum are equal to 
0.015 cal./min. As about 20 per cent of the green light was absorbed in the 
experiments (Warburg et al. 1951, p. 286) and the illuminated area of the 
vessels was 8 cm? the incident light intensity was about 0.01 cal. per min. and 
per cm?. This light intensity (green light) is not by far high enough for the 
green Chlorella cells to effect a rate of photosynthesis equal to the rate of 
respiration. In fact Warburg and Geleick (1951 Tab. 4) used 22.1 mm? quanta 
absorbed — i.e. an incident light intensity of about 0.05 cal. per min. and 
per cm? — in order to compensate respiration in green light. This light inten- 
sity is 5 times higher than the intensity normally used in measuring quantum 
yield at the same wave length. 


According to Warburg et al. 1952, p. 144, the »quantum yield» was reduced 
to half the value if the absorbed light intensity used for measuring quantum 
yield was increased from 5 to 20 mm? quanta per min. (green light). The 
Chlorella culture used was rich in chlorophyll. At a very low concentration 


of chlorophyll a somewhat higher light intensity could be used without re- 
ducing the »quantum yield». 
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Warburg and Burk (1950, p. 439) have published an experiment according 
to which a high efficiency has been obtained at more than 6-fold compen- 
sated respiration. This experiment was, however, made by using a very dense 
suspension of Chlorella. About !?/,, of the individual cells was in the dark at 
each moment. The special intermittence of illumination may, therefore, pos- 
sibly account for the result. With the much better technique using only thin 
suspensions of Chlorella Warburg and his school have not been able to con- 
firm the result. 

Linearity of light curves of Chlorella — apart from the break in Kok’s 
curves — is found up to light intensities at least 3—4 times the intensity 
necessary for compensation of respiration. It may be found up to still higher 
intensities (Kok 1948). The quantum yield must be the same at all light inten- 
sities where the slope of the light curve is constant. It must, therefore, be pos- 
sible to measure quantum yield up to much higher light intensities than 
should be possible according to Warburg and his school. 

Fig. 5 gives a schematic light curve of Chlorella at a normal and at a very 
high concentration of Carbon dioxide. A E is the normal curve. Quantum 
yield is rendered by the slope of this curve. A C is the part of the curve at a 
high concentration where antirespiration increases with increasing light in- 
tensity, C D is the part where antirespiration is constant and where the quan- 
tum yield — at any rate the normal one — is to be measured when a high 
concentration of carbon dioxide is employed. B C is the part where Warburg 
measured the quantum yield. It is not, therefore, astonishing that his »yield» 
‚is much too high. 


22 
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4. The application of tracer-carbon in investigating 
antirespiration 


Tracer-carbon, C2‘, would a priori be supposed to be the best tool for 
investigating the rate of antirespiration. Experiments using C!* were there- 
fore started. The results of such experiments are interesting, as will be shown 
partly below, partly in a subsequent article. In studying antirespiration they 
are, however, of little interest. The experiments indicate that the chemical 
mechanisms of photosynthesis and respiration are linked closely together. 
Even in such cases in which the rate of respiration must be supposed to be 
absolutely unaltered by photosynthesis the two processes cannot be separated 
from each other. 

An example may be mentioned. A culture of Chlorella had been allowed 
to photosynthesize for 3 hours at 9,000 lux in a medium containing C**O,. 
After centrifugation and recentrifugation twice with glass distilled water the 
algae were suspended in a medium having a concentration of ordinary car- 
bon dioxide of 0.1 per cent. Aliquot quantities of the algae were placed either 
in the dark or at 600 lux. After two hours the CO, given off to the medium 
was determined. Only about 7 per cent of the C!?O, given off in the dark was 
given off in light. 

This experiment — and other similar ones — could naturally be explained 
by the rate of respiration being nearly fully depressed in the light. A real sup- 
pression of the rate of respiration should not, however, be expected at a car- 
bon dioxide concentration of only 0.1 per cent, where the rate of antirespira- 
tion in Chlorella according to all other experiments is insignificant. Another 
explanation therefore seems more likely. The competition in photosynthesis 
between interior and exterior carbon dioxide is to be mentioned. Besides, a 
possible joint pool for i.a. phosphoglyceric acid in the mechanisms of respira- 
tion and photosynthesis could be supposed to bring about a descreased rate 
of released labelled carbon dioxide originating from the previously formed 
compounds when photosynthesis is taking place in a medium not containing 
radioactive carbon dioxide. 

One of the main causes of the very pronounced decrease in the disengage- 
ment of C'#O, in light is, after all, the competition in photosynthesis between 
internal and external carbon dioxide. It is at any rate likely that carbon di- 
oxide released by respiration on the same spot where it is to be assimilated in 
photosynthesis is used at a higher speed than carbon dioxide, which has to 
diffuse from the surrounding water into the interior of the cell. 

As the release from the cells of labelled carbon dioxide formerly assimilated 
in light is suppressed to such high a degree already at low carbon dioxide 
concentrations where the rate of antirespiration according to other experi- 
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ments is insignificant, it is impossible to investigate the increase of the rate 
of antirespiration by increasing the concentration of carbon dioxide. A con- 
tributory complication is furthermore introduced. By increasing the carbon 
dioxide e.g. 50 fold (from 0.1 to 5 per cent) the rate of antirespiration is in- 
creased. The state of competition between internal and external carbon di- 
oxide is, however, at the same time changed in favour of the latter. The result 
is that the radioactive carbon dioxide is released in light at about the same 
speed at a low and at a high concentration of carbon dioxide. Tracer carbon 
previously incorporated in the organic matter of the algae is of little use in 
investigating antirespiration. 

Some very interesting results on the relation between photosynthesis and 
respiration have been produced in Calvin’s laboratory in Berkeley. By study- 
ing the gas exchange of barley leaves in a closed system with added radio- 
carbon dioxide (Weigl, Warrington, and Calvin 1951) the following con- 
clusion was reached: In strong light respiratory carbon dioxide originates 
primarily from endogenous sources and only to a very slight extent from 
recently assimilated carbon. They mention, however, another explanation, 
too, that the observed depression of respiration — measured by the amount 
of radiocarbon dioxide given off in the light — was merely due to quick re- 
assimilation of respiratory carbon before it had a chance to leave the cells. 
Experiments of another kind, in which the competition hypothesis is not 
applicable, have, however, supported the idea of the Berkeley group that 
recently assimilated carbon is not respirated in light (Benson and Calvin 1950, 
Calvin and Massini 1952). The experiments shown in Figure 13 in the last- 
mentioned article must first of all be mentioned. 

To three samples of Chlorella which had photosynthesized in ordinary car- 
bon dioxide for one-half hour was added a suitable amount of radiocarbon 
dioxide. After 1 min. the suspension of the first sample was drained into a 
darkened flask and after another minute poured into boiling alcohol. Con- 
trol samples were kept in light, in contact with radioactive carbon dioxide 
for 1 and 2 min., respectively. No dark period followed the light periods in 
the control samples. Appreciable amounts of labelled glutamic and citric acid 
-— acids occurring in the Krebs cycle — were only found in the case in which 
a dark period followed the light period. The fact that radiocarbon finds its 
way into the Krebs cycle very rapidly after the light is switched off, was 
interpreted by Calvin and Massini to the effect that there is a connection be- 
tween the photosynthesis cycle and the Krebs cycle which is blocked as long 
as the light is on, but becomes accessible in the dark. 

Another explanation of this experiment is hardly possible. It remains, how- 
ever, to be explained why the connection between the two cycles was blocked 
in the light periods. According to the hypothesis put forward in this article 
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both light and a high concentration of carbon dioxide is necessary in order to 
block respiration. 

Unfortunately the concentration of carbon dioxide during photosynthesis 
in radioactive carbon dioxide is not stated in the experiments in question. As 
mentioned a »suitable» amount of carbon dioxide was added. It is rendered 
probable, however, that the concentration was rather high. In another series 
of similar experiments (Calvin and Massini 1952, Figure 12), in which the 
concentration of carbon dioxide was 1 per cent, the proportion between e.g. 
glutamic acid produced in the dark and in light was somewhat lower. An- 
other species — Scenedesmus — was, however, used in this experiment. 

The authors suggest that the light shifts the steady-state condition of the 
lipoic acid containing coenzyme toward the reduced (dithiol) form, in which 
condition it is uncapable of oxidatively decarboxylating pyruvic acid. Labelled 
carbon thus will not be brought into the compounds of the Krebs cycle. It 
must, however, be suggested that a high concentration of carbon dioxide be- 
sides the light must be necessary in order to shift the condition of the co- 
enzyme mentioned. 

It is thus to be assumed that the cause why the labelled carbon in the 
experiments of Calvin and Massini is not introduced during light into the 
products of the Krebs cycle is not identical with the cause effecting labelled 
carbon not being released in light in the experiment described by Weigl, 
Warrington, and Calvin. In the first place respiration is blocked, in the sec- 
ond place the respiratory carbon dioxide is assimilated before it had a chance 
to leave the cell. A contributory cause in the latter case is possibly the pools 
for phospho-glyceric acid being identical in photosynthesis and respiration. 

The relationship between photosynthesis and respiration represented by 
the scheme in Calvin and Massini Fig. 14 according to which there is in light 
normally no connection between the photosynthesis cycle and the Krebs 
cycle, is not rendered probable by the new facts given in the present article. 


5. Summary 


Maximum rate of photosynthesis in Chlorella pyrenoidosa is at any rate 
obtained at a concentration of carbon dioxide of 0.05 per cent. It is shown 
that the apparently high quantum yields in photosynthesis found by War- 
burg and his school are caused by the high concentration of carbon dioxide 
used. In light — but not in the dark — an increasing concentration of car- 
bon dioxide above about 1 per cent gives rise to an increasing blocking of the 
respiratory mechanism. At high concentrations of carbon dioxide the rate of 
photosynthesis and the inhibition of respiration is thus measured at the same 
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time. Caused by the intermittence of illumination used by Warburg and his 
school the blocking of the respiration presumably is of a specially great effect 
in their experiments. 


The stage of respiration where this process is blocked is in accordance with. 
Calvin and Massini 1952 suggested to be the oxidative decarboxylation of 
pyruvic acid. 


It is necessary to use about 5 per cent carbon dioxide in air bubbling 
through the gas washing bottles employed by the culture of Chlorella. The 
absorption of carbon dioxide in the culture medium from the rather big air 
bubbles is otherwise much too slow when photosynthesis is going on at a 
high concentration of the alga. 


The quantum yields published by Warburg must be divided by a factor of 
about three. 


In at least one of the enzymatic processes in photosynthesis a concentra- 
tion of more than 1 per cent carbon dioxide acts as a poison. 

Experiments with use of radioactive carbon dioxide have been made. 
Respiratory carbon dioxide is quickly re-assimilated in light before it has a 
chance to leave the cells. Radioactive carbon previously incorporated in the 
organic matter of the algae, therefore, is of little use in investigating the block- 
ing of respiration in light at a high concentration of carbon dioxide. 
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I. Introduction 
1. Statement of the problem 


The ability of living plant cells to absorb ions from the surrounding 
medium and to accumulate these ions in the vacuoles at concentrations 
greatly exceeding that of the medium is at present the subject of considerable 
research activity. The accumulation of ions is regarded as an active, energy- 
requiring process intimately bound up with cellular metabolism. Hypothetical 
mechanisms for the underlying biochemical processes have been proposed. 
Comprehensive surveys of recent work in this field have been made by 
Broyer (1951), Burström (1951), and Robertson (1951). Ion uptake has 
generally been investigated using algae, tissue-slices or excised roots as 
experimental material. Only occasionally, has the ion accumulation by intact 
plants been studied, e.g. Alberda (1948), Helder (1952). 

Because it has generally been possible to demonstrate an active uptake 
of ions by roots, the total uptake of ions by whole plants from soil solution 
or liquid medium has consequently come to be regarded to be absolutely 
regulated by metabolic factors. Investigations directly supporting this con- 
tention are, however, lacking. 

The classical school of plant physiologists (Sachs, Pfeffer, Jost) considered 
that in intact plants the transpiration stream could possibly take salts from 
the external medium along with it by a purely passive process. Several more 
recent investigations have also demonstrated a positive connection between 
water transport through the root and the ion uptake of the plant from the 
medium, (Freeland 1936, 1937; Schmidt 1936; Wright 1939; Bôtticher and 
Behling 1939; Phillis and Mason 1940; Michael and Wihlberg 1951). Little 
notice has in general been taken of these demonstrations of an increased 
ion uptake with increasing transpiration. A number of studies have on the 
contrary been made in which the connection between water and ion transport 
through the root has not been evident (Hasselbring 1914; Kiesselbach 1916; 
Mendiola 1922; Gracanin 1932). An expression of the prevailing views is given 
in recent plant-physiological textbooks, in which, with few exceptions (Troll 
1948) the opinion is given that ion uptake by plants is solely dependent on 
active processes in the root and unaffected by the rate of transpiration. 

In modern monographs on the water and salt relationships of plants, the 
emphasis is also laid on active uptake, (Hoagland 1944; Kramer 1949; Crafts, 
Currier and Stocking 1949). Although the notion that the transpiration 
stream can affect the magnitude of the ion uptake is not completely rejected, 
the opinion is expressed that transpiration can only increase the ion uptake 
through removal of salts already taken up by active processes (Broyer and 
Hoagland 1943; Hoagland 1944; Lundegardh 1943, 1945, 1950). 
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The object of this investigation was to ascertain whether the transpiration 
influenced the degree of ion uptake, and if this were the the case to attempt 
to assess how much of the ion uptake of the plant was dependent on water 
transport. The intention was also to clarify if possible the manner in which 
the transpiration stream functioned in the transport of ions. Attention was 
also paid to the widely diverging results obtained by earlier workers and 
efforts were made to explain why such differing opinions were reached 
concerning the role of water transport in the uptake of ions by the plant. 


2. Terminology and abbreviations 


The following terms used in the study of ion-relationships in plants are 
in agreement with those used by Broyer (1947, 1951) and Robertson (1951). 
With regard to anatomical terms, the nomenclature of Esau (1953) has been 
followed. R 


Absorption and uptake are used as general terms covering the entry of a substance 
into any plant cell, tissue or organ by any mechanism. 

Accumulation is used for the entry of a substance to the plant cell vacuoles against 
a concentration gradient. Accumulation implies expenditure of energy by the cell. 

Adsorption. Ions held by ionic or molecular linkages to charged groups on cellular 
structures are said to be held by adsorption and are available for exchange. 

Exchange adsorption or ion exchange is adjustments between the diffusible ions 
already present in a cell or tissue and the other ions applied to the external surface. 

Combination. Ions which are bound covalently to organic molecules are said to 
undergo combination, and are thereby removed from the solution. 

Diffusion is the movement of free substances in solution along concentration 
gradients. 

Leakage means the loss of a substance from a cell, tissue or organ where it is in 
high concentration, to the exterior where it is in low concentration. 

Secretion is here used to define the transfer of a substance to a higher concentra- 
tion outside the cell, tissue or organ. 

Membrane. The protoplasm lining the cell wall is referred to as the cytoplasm. 
The outer surface of the cytoplasm is termed the »surface of the cytoplasm» (the 
plasmalemma) and the inner boundary the tonoplast. These terms are used advisedly 
since there is some doubt as to the existence of the plasmalemma as a distinct struc- 
ture, though the presence of the tonoplast seems better established. The term mem- 
brane is confined to structures probably a few molecules thick, with special selective 
properties due to molecular orientation. In the German literature »membrane» is often 
used synonymously with the cell-wall. 


Abbreviations 
mmol. 10-3 gram-moles 
umol. 10-8 gram-moles 
M molar (moles/litre) 


mM 10-3 molar (moles/litre) 
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umol./g./hr. umol./g. wet weight normal plants (including root, stem and leaf)/hour 
mg./g./hr. mg./g. wet weight normal plants (including root, stem and leaf) /hour 


Cu concentration of medium 

Cr true concentration of the transpiration stream to the root 
i influx coefficient 

R regression coefficient 

r correlation coefficient 


II. Experimental Methods 


The investigations were conducted in a series of photo-thermostats of approximate 
volume 100 litres in which temperature, light intensity and humidity could be 
adjusted to the desired levels. An electric fan placed in the bottom of the cabinet 
ensured a steady and rather rapid change of air. When high transpiration was 
required an additional fan was placed in the cabinet to increase the air-circulation 
about the plants. Short experimental times have been used and only in a few special 
series has 24 hours been exceeded. 


The experimental plant was a variety of yellow, round-seeded pea, Svalévs Tors- 
dagsärt II. The plants were reared in a glass-house with heating and additional illu- 
mination. After the seed had germinated on filterpaper the seedlings were transferred 
to cork disks, each holding 12 plants. In the nursery 4 such groups were cul- 
tivated simultaneously in 1-litre beakers containing 800 ml. nutrient solution. The 
nutrient solutions were well-aerated throughout. Nursery temperatures varied widely 
between day and night. The standard nutrient solution had the following com- 
position: 


2 mM-KNO,, 1 mM-Ca(NO,),, 1 mM-MgSO,, 1 mM-KH,PO,, 0.5 mM-Na,HPO,, 
10 mg./l. ferric citrate, 0.1 mg./l. MnSO,, and 0.1 mg./l. H,BO,. 


The evaporated and transpired water was replaced daily with distilled water. One 
week after planting-out the primordial leaf was removed and the nutrient solution 
was renewed. In certain special cases the calcium content of the nutrient solution 
was changed, with a corresponding change in the number of renewals of nutrient 
solution. The plants were used for experiments at an age of about 20 days. At this 
stage, the fresh weight was 1.0—1.6 g. per plant. The roots used were always clear 
white in appearance. Occasionally, the roots of plants under cultivation assumed a 
yellowish shade, the leaves became yellow or the plant growth was uneven. Such 
plant-groups were invariably discarded. The roots comprised about one-third of the 
plants’ fresh weight. Thus in a particular series consisting of 172 plant-groups, the 
root comprised 36 °/o, the stem 33 °/o and the leaves 31 °/o of the plant’s fresh weight 
on the average. The shoot was 15—20 cm. high and 4—5 dark-green leaves had 
developed. Root-hairs were absent. 


Beakers were chosen in which the four plant-groups were of uniform size. The 
number of plants per cork disk was decreased so that each disk had the same number 
of plants, usually 10. One of the plant-groups was withheld for determination of the 
initial ionic status while the remaining three groups were used in the experiment. 
Usually plants from 3—10 beakers were used simultaneously. Analysis of plants 
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from the different beakers showed only minor differences in fresh-weight and ionic 
content so that the initial level could be taken as the mean value of these determina- 
tions in each experiment. 


1. Determination of water movement 


At the commencement of the experiment, after the roots had been dried by dabbing 
lightly with soft filter-paper, the plant-groups were weighed quickly on the cork 
disks, for the fresh-weight determination. The weight of the moist cork disks were 
determined at the end of the experiment. The plant-groups were transferred to 
culture-tubes, about 20 cm. high and 31/2 cm. in diameter, containing a measured 
amount of solution of known composition. The cork disks covered most of the liquid 
surface. The combination of culture-tube, liquid and plants was weighed and the 
diminution in weight during the experiment subsequently determined. 


Table 1. Example of the calculation of water transport and ion uptake. Part of an experi- 

ment with varied CaCl-concentration (volume 150 ml.). Constant illumination and relative 

humidity ca. 30 °/o. Experimental time 24 hours. Plants 17-day-old, reared in standard 
nutrient solution (ca. 0.5 mM-Ca at end of cultivation). 


Mean of six | Test-solution mM-CaCl, 
Property determined determinations 
at zero time it 4 16 
Loss in weight of system g. = 57.64} 39.68! 26.80 
Evaporation from exposed water surface, 3 0/0 g. = 1.13 1.19 0.80 
Transpiration g. _ 55.91 | 38:49) 26.00 
Plants’ fresh weight before experiment g. 17.96 18.94) 16.32) 17.94 
» > » after > g. — 19.21 17.04 18.49 
Increase in weight during experiment g. — 0.27 0.72 0.55 
Water transport to the root g. — 56.18 | 39.21 26.55 
Water transport/g normal plant/hr. mg. == 123 100 62 
Fresh weight after subdivision: root g. 6.25 6.11 5.43 5.74 
stem g. 5.70 6.40 5.81 6.35 
leaves g. 5.19 5.92 5.35 5.78 
whole plant g. 17.14 18.43 | 16.59] 17.87 
Amount of Ca in root pmol. 53 55 66 83 | 
stem pmol. 67 97 113 164 
leaves pmol. 123 137 157 332 
whole plant pmol. 243 289 336 579 | 
Ca-content /kg. fresh weight in root mmol. 8.4 9.0 12.0 14.4 | 
stem mmol. 11.8 15.1 19.5 25.9 | 
leaves mmol. 23.7 23.3 29.3 57.5 | 
Ca-uptake/g. normal plant/hr. in root „mol. == 0.01 0.06 0.09 
stem fmol. == 0.05 0.12) 0.21 
leaves pmol. | == 0.00 0.09 0.46 | 
whole plant pmol. = 0.06 0.27 0.76 | 
Apparent Ca-concn. of stream to root mM-Ca == BR OS 2.1 12.2 | 
stem mM-Ca — 0.4 2a 10,8 ] 
leaves mM-Ca = 1508050 0.9 7.4 | 
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This simple method for evaluating the water uptake is naturally subject to several 
errors, but nevertheless the values are acceptable. By correcting for the amount of 
water lost by evaporation from the water surface the accuracy has been somewhat 
increased. This was done by a simultaneous determination of the loss of water from 
a tube containing the culture solution and cork disk, but no plants. When the solu- 
tion was 4 mM-CaCl, the evaporation in the light amounted to 2—4 °/) of the plants’ 
transpiration. That the evaporation from the free water surface was so low is 
explained by the fact that the air in the high, narrow culture-tubes was relatively 
still. In culture-tubes containing plants the lower leaves covered the mouths of the 
tubes, so that the evaporation would be expected to be still lower. In those experi- 
ments where the magnitude of the evaporation from the free water surface has not 
been specially measured, a loss equivalent to 3 °/o of transpiration in light has been 
assumed. When solutions have been used at lower temperatures, the percentage- 
water loss by evaporation has been still lower, namely ca. 1 °/o at 0—2° and 2 °%/o at 
7—10° of the plant-transpiration in light at an air temperature of 20°. On a per- 
centage basis, the evaporation factor has been larger with experiments conducted 
in the dark. This is thought to be a consequence of the fact that the plant stomata 
were closed and the cuticular transpiration has naturally been lower in relation to 
the evaporation. Since the observed losses in weight have been smaller, the evapora- 
tion factor became relatively more important, namely 15 °/o of the total loss. The 
water loss from the exposed surface in both light and darkness is of little importance 
and the results would be but slightly altered if the correction applied were omitted. 
In addition the changes in weight of the plants during the experiment have been 
measured and increases or decreases in weight have been added to the transpira- 
tion, giving values for the water-uptake by the roots. In table 1, the manner of cal- 
culation of the water-uptake and transpiration is illustrated by a typical example. 
The flux of water from medium to root has thus been expressed as the sum of the 
decrease in weight of the system and the increase in weight of the plants, minus the 
evaporation from the exposed water-surface. Since the dry weight of the plants was 
only ca. 7 °/o of the fresh weight, increases in weight due to assimilative processes 
can be neglected in this connection. 


2. Determination of ion-uptake 


The plants were subdivided into roots, stems and leaves, which groups were then 
separately analysed. The object of this subdivision was to follow the movements 
of ions not only from the nutrient solution into the roots but also within the plants 
to the stems and leaves. It was considered advantageous to confine the observations 
to two ions and to make a detailed investigation of how the movements of these 
ions were affected by different external factors. 

Since calcium is known to move readily from the root to the aerial organs and, 
unlike several other ions, is only returned to the solution to a small extent, (Arisz 
1952), this ion was chosen as the principal object of study. In a smaller number of 
experiments the behaviour of chloride ion has also been studied, 

For calcium analysis, the dried plant material was extracted for 24 hours with 
2 N-HCI on a water-bath, after which aliquots of the extract were evaporated and 
ashed. From the dissolved ash, calcium was precipitated as the oxalate and deter- 
mined titrimetrically with potassium permanganate. Chloride was analysed through 
potentiometric titration with 10 mM-AgNO, of a sciution from the ash of an ignited 
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nitric acid-extract. To give an idea of the extent of the investigation, it may be men- 
tioned here that more than 1 000 plant samples were analysed and that often two 
parallel chemical determinations were made on the same test-sample. 

The uptake of ions by the plants was determined by a comparison of ionic con- 
tents at the beginning and end of the experiment. Allowance for growth during the 
experimental period has been made. An example of the method of calculation is 
given in table 1. By analysis of the quantity of Ca or Cl in the root, stem and leaves 
respectively, the levels in the separate organs have been found and expressed as 
mmol. per kg. fresh weight. 

To facilitate direct comparisons between different series of experiments, the rate 
of ion-uptake has been expressed in pmol. per g. fresh weight of normal plants per 
hour (umol./g./hr.). The fresh weight was always taken as that at the beginning of 
the experiment in order that comparisons could also be made with excised root- 
systems, where, of course, the weight of the »intact plant» could not be determined 
after the experiment. With experiments with whole plants it would have been 
advantageous to express the uptake as a function of the average weight of the plants 
during the experimental period. The difference between the two methods is, however, 
small. The expression of the rate of uptake per g. normal plant per hour has the 
added advantage that an evaluation of the uptake by the different organs is clearly 
obtained. When the uptake is expressed as a function of the fresh weight of a 
particular organ, no direct comparisons between the rate of uptake by the whole 
plant or by different organs is possible. 

The uptake of calcium by the root from 4 mM-CaCl,, shown in table 1, was 
calculated in the following way: 

The amount of Ca in the root at the end of the experiment was 66 umol. The final 
root-fresh-weight was 5.43 g. During the experiment the plant fresh weight increased 
from 16.32 to 17.04 g., hence the initial root fresh weight must have been 
oA ay = 5.20 g. It is assumed here that the root has grown at the same rate as 
the whole plant. The initial calcium content of the roots was taken as the mean of 
six different determinations to be 8.4 mmol./kg., so that the initial root Ca is here 
5.20 : 8.4=44 umol. The quantity of calcium in the roots has increased from 44 to 
66 umol. i.e. 22 umol., which with an initial plant fresh weight of 16.32 g. and an 
experimental period of 24 hours is equivalent to a calcium uptake by the root of 


E06 umol./g. normal plant/hr. 
16.32 - 24 


As already mentioned, the ion-uptake in this investigation has been calculated in 
this way in order to study changes in the uptake by the different organs of the plant. 
In order to study such ionic movements within the plant, the only method available 
is that of organ analysis. A more usual method in ion-uptake studies is to determine 
the loss of ions from the nutrient solution. This method has also, however, inherent 
disadvantages and sources of error. The loss of ions from the nutrient solution 
should correspond to the sum of the Ca-uptake figures for roots, stems and leaves. 
In several experiments the loss of ions from the nutrient solution was determined. 
In general rather good agreement was found between the two methods, but with 
higher concentration of nutrient solution a systematic deviation was discerned. Where 
the ion-uptake by the plants is small in comparison to the ionic contents of the 
nutrient solution very precise analytical methods are required both for the deter- 
mination of ion-quantity and the water-changes if the difference between the initial 
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and final analyses of the solution is to give a reasonable measure of the ion-uptake. 
Since fluctuations in the concentration and composition of the medium will occur 
because of different ionic fluxes between the plants and the nutrient solution, it is 
desirable to use relatively large quantities of solution. Because of these sources of 
error, the ion-uptake has throughout been calculated from changes in the ionic con- 
tents of the organs. 

As constant environmental conditions were not used during the rearing of 
the plants in the nursery, there was a certain spread in the initial calcium levels. 
This error has partially been compensated for by repetitions of the experiments, so 
that in the most important experiments a high degree of statistical significance has 
been reached. The experiments were laid out according to a »split-plot» plan, used 
in field trials in agricultural research, according to which several external factors 
were simultaneously varied. This results in a greater degree of certainty in compari- 
sons between different experimental series and between experiments carried out at 
different times. However, the results will be presented in classified form and not in 
their original order. 


III. Experiments 


1. Water transport and calcium uptake 


With the object of throwing more light on the influence of the net move- 
ment of water on calcium uptake, a series of experiments were performed 
in which the intensity of water uptake by the plants was held at different 
levels by variation of the following external factors: 


1) by variation of the humidity under constant illumination 

2) by comparisons in dark and light 

3) by depressing the temperature of the nutrient solution 

4) by removal of the transpiring organs (the entire shoot or the leaves). 


Variation of humidity. In one series the water transport and the ion uptake 
were compared under conditions of low and high relative humidity. 


In a photo-thermostat the humidity was held at a desired high level either through 
letting the ingoing air pass between cloths dampened with lukewarm water or through 
spraying finely-divided water drops into the chamber using an atomiser. The latter 
method was the more convenient and by arranging that a hair-hygrometer should 
automatically regulate the switching on and off of the compressed air, it was possible 
to hold the relative humidity at a constant level within rather narrow limits. Simul- 
taneously the air in another chamber was kept dry during the cold period of the year 
by allowing the cold air outside to pass in where it was warmed to the experimental 
temperature; in warmer periods of the year the ingoing air was passed through a 
tower of granulated calcium chloride. The relative humidity in the humid cabinet 
could be varied between 60 and 100 °/o and in the dry cabinet between 25 and 60 0/0. 
Other factors were held at constant levels in both chambers. The illumination in both 
cabinets consisted of two 500 W tungsten filament lamps with a glass water-cooler 
placed between them and the plants. The plants were illuminated throughout the 
experiment and the temperature was 20° C. 
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Figure 1. Relation between water transport and calcium uptake with varied humidity. Paired 

comparison between one plant-group in humid and one in dry air with constant illumina- 

tion and air-temperature of 20°. Experimental time 0—24 hr. Plants reared by standard 
nursery technique (ca. 0.5 mM-Ca) and transferred to 5 mM-CaCl test-solution. 


With plants reared in standard nutrient solution and with 5 mM-CaCl, as 
test-solution, a comparison was made of the Ca-uptake in humid and dry 
air during 24 hours on five occasions. As expected, the water transport to 
the root was higher in dry than in humid air. It was somewhat less expected 
that the calcium-uptake showed the same relationship. A very significant 
connection between water- and calcium-uptake appeared. From the graphical 
representation (figure 1 A) of the results, it is seen that in all of the five 
experiments consonant with the rise in water transport in dry air relative 
to humid air there has been an increase in the total Ca-uptake of the plants. 
Another series was performed under the same experimental conditions with 
the exception that the experimental time was reduced to 10 hours. The results 
were similar (fig. 2 A). 

Darkness-light experiments. Some experiments were then performed in 
which the intensity of water transport was decreased relative to that in dry 
air and light, by keeping the plants in darkness. Under otherwise similar 
and constant conditions the water transport and calcium uptake were deter- 
mined for plants in darkness and in light. In order to attain the highest 
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Figure 2. Relation between 
water transport and cal- 
cium uptake with varied 
humidity. Same conditions 
as for fig. 1, but experi- 
O mental time of 0—10 hr. 
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possible transpiration in light, use was made in some experiments of air 
dried by passage over calcium chloride. An additional fan in the cabinet 
ensured air-circulation round the plants. In this way, the rate of water 
transport was raised as high as 143 mg./g. normal plant/hour. (In other 
experiments a maximum water transport of 190 mg./g./hr. has been 
reached). The intensity of water uptake in darkness has in the combined 
experimental series been rather constant; the minimum value found was 
11 and the highest 24 mg. water/g. normal plant/hour, while the mean 
value of 27 determinations was 18 mg./g./hr. No special attempts were 
made to increase the humidity in the dark cabinet and thereby depress the 
water transport still further. 

In 10 series, the plant material was reared in the standard nutrient solution, 
and transferred to a test-solution of 4 mM-CaCl, for 24 hours. The results 
are presented graphically in figure 3A, where it is clearly apparent that 
plants in light invariably exhibited, relative to plants in darkness, an increase 
in water uptake coupled with an increased calcium uptake. In this figure 
the grouping of the individual regression lines, all with practically identical 
gradients, is particularly striking. This agreement between series is all the 
more noteworthy in that the 10 experiments were carried out in different 
years and at different periods of the year. 

Variation in root-temperature. In some series of experiments the tem- 
perature around the shoots was maintained at 20° while the temperature 
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Figure 3. Relation between water transport and calcium uptake in darkness-light experi- 

ments. The uptake for a plant-group in darkness has also been compared with a group in 

light and dry air. Temperature 20°. The plants were reared by the standard method 

(ca. 0.5 mM-Ca) and transferred to 4 mM-CaCl: test-solution. X =Rate of ion uptake by 
excised roots (mean of 14 determinations). 
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Figure 4. Rate of water transport with 
varied temperature of the test-solution 
round the roots. The air-temperature about 
the shoots has been 20°. 


RATE OF WATER TRANSPORT 
THROUGH THE ROOT mg./g./hr. 


0° 5° 10° 45° 20° 
TEMPERATURE OF MEDIUM 


of the test-solution was varied, so that for certain plant-groups the tempe- 
rature was ca. 1°, ca. 10°, and 20° respectively. The chilling of the nutrient 
solution was done by immersing the culture-tubes in ice-water or in circu- 
lating tap-water. In order not to induce ionic movements through too rapid 
a change of the temperature, the plants were placed in a medium at 20° 
initially and the medium was gradually cooled to the desired temperature over 
a period of two hours. In experiments described later, the medium was chilled 
to the experimental temperature before the beginning of the experiment. 
This had the effect of causing the leaves to droop during the first few hours, 
but afterwards turgescence was regained. 

It was found to be readily possible to vary the intensity of water transport 
by this method (figure 4). Sachs has shown that for many species the water 
uptake is strongly reduced by a reduction in the temperature of the roots. 
This was also the case in the author’s experiments. At 0—2° the water 
transport had a mean value of 53 °/o, and at 7—11° 77 °/o of that of plants 
with a root temperature of 20°. The water transport thus decreased more 
or less proportionally with the depressed root temperature. There was, 
however, a slight tendency towards a rather stronger decrease in the water 
transport at 0-—2°. These observations with pea-plants are in good numerical 
agreement with those of Kramer (1942) for collards, Brassica oleracea, a 
plant which was less sensitive to lowered root-temperature then watermelon 
and cotton-plants. The latter plants, which both require warm conditions, 
exhibited in Kramer’s investigations a strongly decreased transpiration even 
at 10° C, and at 0—-5° the water transport had to all intents and purposes 
ceased. Comprehensive investigations of the temperature-dependence of the 
water transport have been carried out by Döring (1935). The reasons for the 
phenomenon are thought to be a diminished permeability of the plant tissues 
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Figure 5. Relation between water 
transport and calcium uptake with 
varied temperature of the test-solu- 
tion round the roots. Two series 
were performed in light and dry air, 
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rature around the shoot was 20°. 
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for water and the increased viscosity of water at low temperatures (Kramer 
1949). The specific viscosity of water at 1° C is 1.7 times greater than that 
at 20° C. 

Three experimental series were carried out with plants reared in standard 
nutrient solution as before, using 4 mM-CaCl, as the test solution and 24 hours 
as the experimental time. Even when the intensity of water transport was 
varied by changing the root-temperature, there resulted a characteristic 
positive relationship between the water and calcium uptakes of the plants 
(figure 5). 

The results differ strongly from those of Broyer and Hoagland (1943), 
obtained with intact barley plants in a comparison made with culture- 
solutions at temperatures of 10, 15 and 24°. While in these experiments the 
magnitude of the transpiration decreased to some extent as with the author’s 
pea-plants, the ion-uptake (K, Ca, Mg, NO,) decreased to a considerably 
greater degree, so that at 10° the uptake was quite insignificant compared 
with that at 24°. Broyer and Hoagland have taken these results as strong 
evidence for the theory that the uptake of ions by plants is an active process 
entirely dependent on energy derived from metabolic processes. 

Truncated plants. The water transport through the roots could be regulated 
in a fourth manner by diminishing the transpiring surfaces of the plants. 
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Table 2. Comparison between water transport and calcium uptake by truncated and intact 

plants. Plants were reared in standard nutrient solution (ca. 0.5 mM-Ca) and transferred 

when 17 days old to a 5 mM-CaCl, test-solution. Experimental time 0—10 hours. Tempera- 

ture 20° C. Rate of water transport to the root is expressed in mg. and calcium uptake in 
umol./g. fresh weight normal plant/hr. 


Water transport to Calcium uptake pmol./g./hr. 
Material th rs /hr 
crook EME root | stem leaves | whole plant 

Humid air, light 

Excised roots ......... — 0.11 — — 0.11 
Leaves removed ... .. 4 0.12 0.02 — 0.14 
Intact plants... ........ 24 0.11 0.02 0.00 0.13 
Dry air, light 

Excised roots : == 0.10 — — 0.10 
Leaves removed ...... 4 0.11 0.03 — 0.14 
Intact plants ............ 53 0.12 0.06 0.02 0.20 


Investigations have been performed with excised roots where the shoot was 
clipped off and also with plants where the leaves were removed. In both 
cases the remaining plant-organs were left on the cork-holders during the 
experimental period in exactly the same manner as for normal plants. A large 
number of experiments were carried out with excised root-systems. Here 
transpiration has of course been eliminated. Instead there was in certain 
experiments a weak bleeding, which, however, ceased after a short time. 
The water transport within excised root-systems could not, however, be 
measured by the techniques described above. In comparison with the magnitude 
of the water transport in intact plants even under conditions of low transpira- 
tion (darkness, humid air, depressed root temperature), the water transport 
in excised roots is thought to be insignificantly small and has therefore 
been regarded as having no bearing on the present investigation. 

14 experimental series were conducted with excised roots from plants 
reared in standard nutrient solution; the experimental time was 24 hours 
and the test-solution 4mM-CaCl,. Despite the fact that there was no appreci- 
able uptake of water in such excised root-systems, an uptake of Ca has taken 
place. The mean value for the Ca-uptake was 0.062 + 0.008 umol./g. normal 
plant/hour. This value has also been included in figure 3 A where it is seen 
to be in good agreement with the figure obtained by extrapolation of the 
regression line to meet the ordinate. A figure of 0.067 umol./g./hr. is thereby 
obtained for the theoretical calcium-uptake in whole plants when there is 
no water transport. 

In two series, (table 2), the behaviour of plants with leaves removed 
was observed. In both cases the intensity of water transport through the 
root in these plants consisting of root plus stem was found to be 4 mg. 
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and the Ca-uptake was 0.14 umol./g. normal plant/hr. In parallel experiments 
the Ca-uptake in excised root-systems was 0.11 and 0.10 umol./g./hr. Thus 
in this series also, an increase in water transport led to an increase in 
calcium-uptake. It should be added that the experimental time was 10 hours 
and the test-solution was 5 mM-CaCL. 


2. Water transport and chloride uptake 


Plants reared in chloride-free standard nutrient solution were transferred 
to a test-solution of 4mM-CaCl, for an experimental period of 24 hours. 
The movement of chloride from the medium to roots, stems and leaves was 
followed in 3 darkness-light series and 2 series with depressed root tem- 
perature. 

It is seen from figure 6A that, in the same way as for calcium, an 
increase in water transport accompanied an increased chloride-uptake. The 
chloride-uptake in excised root-systems was determined in 5 cases, using 
standard nutrient solution, followed by a test-solution of 4mM-CaCl, for 
24 hours at a root-temperature of 20°. The mean value for the chloride- 
uptake in the five cases was 0.052+0.006 umol./g. normal plant/hour. This 
value is in good agreement with that obtained from the regression line for 
chloride-uptake by whole plants, where a value of 0.054 umol./g./hr. is 
obtained for the point where the extrapolated line cuts the ordinate. 


3. Connection between water- and ion-uptake 


In a variety of experiments with calcium and chloride ions it has been 
consistently possible to demonstrate that an increase in water transport has 
been strongly correlated with an increase in ion-uptake by the plants. In 
a total of 30 described comparisons between intact plants, a positive relation- 
ship between the passage of ions and water from the medium to the root 
has emerged. 

Regression lines and correlation coefficients have been calculated for each 
individual variable factor for intact plants in table 3, wherein the spread of 
experimental points is interpreted as representing a straight line. No account 
has been taken of the fact that the experimental points are coupled in pairs 
and triplets. In reality, the statistical certainty is even greater than is shown 
in table 3, since the certainty would be more properly evaluated through 
covariance analysis with group subdivision. The certainty that the correlation 
holds in all cases is high. The possibility that such a high correlation coef- 
ficient has been reached purely by chance is less than 1 in 1000. 
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Figure 6. Relation between water transport and chloride uptake. The rate of water trans- 
port varied partly by light-darkness experiments, with a temperature of 20° about the 
whole plant, and partly by varying root-temperature (0—2°, 7—11°, and 20°) in light with 
a temperature of 20° about the shoot. Experimental time 0—24 hours. Plants were reared 
by the standard method (without chloride in the medium) and transferred to a test- 
solution of 4 mM-CaCls. X =Ion uptake of excised roots, mean of 5 determinations. 
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Table 3. Statistical calculations on the relation between water transport to the root and 
total uptake by the plants of calcium and chloride ions when the water transport is varied 
by different methods. Standard nursery solution (0.5 mM-Ca, without Cl). 


LS A SSD 


Experi- Medium Experi- | Corre- | Regression Ion uptake pmol./g./hr. 
F à mental à mental lation | pmol./mg. | with water transport 
an time mM CaCh, points |coefficient| water of mg./g./hr. | 
hr. Cu n r R 0 100 | 
Calcium {Ca':) 
Humidity ......... 10 5 10 0:9 25% 0.0030 0.069 0.36 
kHumidity...n....|, 24 5 10 CONTES 0.0028 0.054 0.33 
Darkness/light...| 24 4 20 0.96*** 0.0021 0.064 0.27 
Root-temperature 24 4 9 0:97*** 0.0022 0.073 0.29 
Chloride (2 Cl’) 
Diverses 24 4 18 0.98*** 0.0023 0.027 0.25 | 


In figure 7, the regression lines for the individual variable factors have 
been collected, (humidity, dark-light, root-temperature). The three lines for 
calcium over an experimental time of 24 hours lie close to one another. 
Especially for darkness-light and root-temperature, where the test-solution 
was 4mM-CaCl, in each case, is there good coincidence between the lines. 
The overall regression-line for the experiments where humidity was varied 
is somewhat removed from the other two lines. Here the experimental con- 
ditions differed in that the test-solution had a concentration of 5 mM-CaQ],. 
The line for an experimental-time of 10 hours is situated above that for 
24 hours. 

From the combined pairs of values from experiments on chloride-uptake, 
a resultant regression line has been calculated. As for calcium, the manner 
by which the water transport was varied experimentally has not affected the 
ion-uptake values. For a given intensity of water-transport the ion-uptake 
has-been the same, irrespective of whether the factor varied has been dark- 
light or root-temperature. For the same intensity of water transport the 
chloride-uptake reckoned in equivalents has been lower than the calcium- 
uptake. The regression coefficients are the same, however, having a value 
of 0.0021 for calcium and 0.0023 for chloride (see table 3 for 4 mM-CaCl). 

To sum up, a characteristic positive correlation has been found between 
water transport through the root and the uptake of both calcium and chloride 
ions in the investigated plant material. The magnitude of the ion-uptake was 
dependent on the amount of water transported but independent of the method 
used to vary the transpiration and hence the water transport. 

In table 3 the values for the ion uptake for a water transport of 0 and 
100 mg./g./hr. are given. The pair of values for intact plants without water 
transport are not available, but in order to facilitate theoretical dec'uctions 
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it is justifiable to take the value obtained by extrapolation of the regression 
line to cut the ordinate. Both for calcium and chloride remarkably good 
agreement is obtained for the theoretical ion uptake reckoned in this way 
and that experimentally determined using excised roots. 


4. Concentration of the test-solution 


Since it had been definitely established by the methods previously described 
that water transport had a profound effect on the ion-uptake of the pea-plant, 
experiments were initiated to determine to what extent differences in experi- 
mental methods could explain the conflicting results obtained by previous 
workers. In his survey of the physiology of ion uptake Broyer (1951) lists a 
number of factors which affect ion uptake, among which those relevant to 
the present study are the concentration of the test-solution, aeration, the 
time factor, the previous history of the tissue and the temperature. 
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In experiments described earlier the test-solution was 4mM-CaCl, and 
in the series with varied humidity 5 mM-CaCl,. The ion uptake and water 
transport has in the following experiments been observed for other con- 
centrations of the test-solution, namely 1 and 16 mM-CaCl,. The plants were 
all reared in standard nutrient solution and the experimental time was 
24 hours. 

The intensity of water transport diminished with increasing concentration 
of the nutrient solution (figure 8), a relation which has been noticed several 
times by earlier workers (see Kramer 1949). 


The magnitude of calcium uptake by the plants increased with increasing 
CaCl, concentration in the test-solution (figure 9 A). At each concentration 
a strong positive correlation between water transport and calcium uptake 
occured, in the same manner as for the 4mM- and 5mM-CaCl, medium. 
The transpiration was varied both by altering the root temperature and by 
dark/light experiments; again there was nothing to indicate that the manner 
by which the water transport was varied had any influence upon the results. 
Three series with chloride ions were performed at three concentrations of 
the test-solution (figure 9 B). A strong correlation between water transport 
and ion uptake was apparent at each concentration for chloride also. 
Increasing the chloride concentration of the test-solution led to a greater 
uptake of ions. The results for Ca- and Cl-ions are in the main in mutual 
agreement. A statistical analysis of the results by the same method as has 
been earlier described in connection with the review of table 3 indicates 
that for both Ca and Cl at the various concentrations used the possibility 
that such a high correlation coefficient was obtained by mere chance is less 
than 1 in 1000. 

A determination of the ion uptake by excised root-system showed that 
as for 4 mM-CaCl, there was good agreement between the values obtained 
in this manner and those got by extrapolation of the regression lines to cut 


352 BERTIL HYLMO 


090 1.80 


2.0 800 ml 
b.@ 150 ml 
c.o 150 ml 


1.20 


O 
Oo 
© 


O 
° 
RATE OF CHLORIDE UPTAKE pmol./g./hr 


RATE OF CALCIUM UPTAKE pmol./g./hr 


5 1 (eo) 50 100 
RATE OF WATER TRANSPORT THROUGH THE ROOT mg./g./hr. 


® 
Nae mnt 
8 aad aC soe 
ET le a 
0 00 


08®=—0= 
O 


Figure 9. Relation between water transport and ion uptake by the whole plant with dif- 
ferent medium concentrations. Water transport was varied by darkness/light experiments 
and in one series by depressed temperature of the medium. The points on the ordinates 
represent uptake by excised root systems. À comparison was performed between plants in 
800 ml. medium with forced aeration (a) and plants in 150 ml. test-solution and no aera- 
tion according to the standard technique (b). A later series under standard conditions in 
150 ml. culture-tubes without aeration has been performed (c). — Air-temperature 20°. 
Experimental time 0—24 hr. Plants were reared by standard nursery technique (ca. 
0.5 mM-Ca, no El). 


the axis designating the intensity of ion uptake at zero water transport. The 
single exception was with chloride using 16 mM-CaCl,, where too high a 
value was obtained using the latter method. 


5. The oxygen supply to the roots 


Olsen (1950) found that the degree of ion uptake for several ions, including Ca, 
in number of plant species was independent of the concentration of the test-solu- 
tion. The relationship between concentration of the solution and the degree of ion 
uptake, so often demonstrated by previous workers, was thought by Olsen to depend 
on experimental errors arising through the use of too small volumes of test-solution, 
whereby the access of the roots to oxygen had possibly been suboptimal and the 
stirring of the solution inefficient. Copper poisoning was another possible error. Olsen 
further considered that on theoretical grounds the amount of ion uptake should be 
independent of the medium’s concentration. According to the thermodynamical 
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treatment of Broyer, however, the active uptake of ions should be dependent on the 
external concentration. 

The author’s experiments have not substantiated the general validity of Olsen’s 
results. In two experiments (figures 9 À and 9B) plants were subjected to varying 
transpiration and varying concentration of the test-solution, each individual treat- 
ment being duplicated under different aeration conditions. One plant-group was kept 
without aeration in 150 ml. solution according to the standard technique described 
earlier while the second group was simultaneously maintained in 800 ml. of solu- 
tion with continuous forced aeration. The water transport in the 800 ml. beakers 
could not be determined, but there is no reason to expect that the transpiration 
was not to all intents and purposes the same as with plants in the smaller culture- 
tubes. For both Ca and Cl the ion uptake in the author’s experiments was to a high 
degree dependent on the concentration of the test-solution, even when large quan- 
tities of aerated solution were used. For Cl there was good agreement between the 
150- and 800-ml. plants. For calcium certain differences were apparent; the greater 
spread of values, regularly obtained in my experiments for Ca compared with Cl, 
was thought to depend on the differences in the initial levels of calcium, mentioned 
earlier. In the nursery the plants received no chloride, so that they had a very low 
chloride content with no noteworthy variation between plant-groups. On the con- 
trary calcium has been supplied in the standard nutrient solution so that a degree 
of variation in the initial calcium levels of the plants was unavoidable. It will be 
seen (figure 9 A) that there has been a somewhat greater uptake of calcium in the 
large aerated beaker, when 1 mM-CaCl, was used. Whether this was due to random 
error or whether it has a physiological background is difficult to say. It is note- 
worthy that the uptake in this experiment is in quite good agreement with that 
determined from the general regression line, as earlier calculated for 4 mM-CaCl, 
(figures 9 A, 9B). 

According to Olsen’s (1950) conclusions, a large difference between the large and 
small containers should have emerged, for example, in figure 9 B and in addition 
the plants in 1, 4, and 16 mM-CaCl, solution should have taken up the same amounts 
of ions. The actual differences observed are singularly striking, for example 0.25, 
0.54 and 1.56 umol./g. normal plant/hr: in the light in large containers. It is difficult 
to explain how the diametrically opposed results of Olsen’s and the author’s experi- 
ments could have arisen. It seems to be difficult to explain Olsen’s curves for ten-day 
experiments where a constant rate of ion uptake per day was obtained, despite large 
decreases in the concentrations of the test-solution with time. The hypothesis for 
constant ion uptake should have been expressed in terms of unit weight of root or 
plant. Olsen has, however, found the ion uptake constant despite the fact that his young 
plants must have grown considerably during the experimental period of 10 days. 
If the results were expressed per g. fresh weight per hour quite another picture 
would result. 


In surveying the experimental results which showed an increased ion 
uptake with increased water transport, Hoagland (i944) and Helder (1952) 
alleged that Schmidt’s (1936) experimental plants suffered from oxygen 
deficiency of the roots. The strong uptake of nitrate in Schmidt’s plants 
appears to argue against this contention. 

The above-mentioned comparison of the uptake of Ca and Cl ions from 
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Table 4 A. Comparison between calcium uptake by excised roots and by intact plants with 

and without aeration of the test-solution. Plants reared in standard nutrient solutions 

(ca. 0.5 mM-Ca) and transferred to 4 mM-CaCL test solution. Calcium uptake expressed in 
umol./g. fresh weight normal plant/hr. 


a. Experimental time 12 hours. The intact plants have an average water transport of 
ca. 85 mg./g./hr., (dry air, light). Comparison between forced aeration and no aeration of 


the test-solutions, partly using boiled-out test-solution. Experiment is duplicated (1 and 2). 
NPA RP RER RENE MEN TERRA TIENNE ARS Be ee  — 


sf À N ti No aeration 
Material yok st rn ' Boiled-out solution 
1 2 1 2 1 2 
Excised |TOOtS utes. ee 0.07 0.10 0.11 0.15 0.09 0.10 
Intact plants: root .......... 0.07 0.07 0.06 0.06 0.05 0.10 
STEN Fates: 0.10 0.07 0.08 0.09 0.06 0.11 
leaves ...... 0.13 0.05 0.07 0.02 0.06 0.07 
total uptake | 0.30 0.19 0.21 0.17 0.17 0.28 | 
b. Experimental time 24 hours. Water transport to root not determined. Comparison 
between treatment with air and nitrogen. Experiment is duplicated (1 and 2). 
Air Nitrogen 
Material 
1 2 1 | 2 
EXXCIS€G POOtS en. Mrs nee 0.05 0.04 0.07 0.11 
Intactplants TOOt RP eee. 0.04 0.04 0.04 0.04 | 
, stem ns eher 0.10 0.10 0.09 0.09 | 
leaveSigs nassen. 0.13 0.11 0.13 0.09 | 
total uptake 0.27 0.25 0 


c. Experimental time 24 hours. Water transport to root ca. 40 mg./g./hr. Oxygen, air 
and nitrogen were respectively bubbled through the test-solution. 


0 x 2 
Materie xygen Air Nitrogen 

1 2 1 2 | 1 2 

Excised roots 0.04 — 0.04 — 0.05 =: 
Intact plants: root ......... 0.04 0.03 0.04 0.04 0.05 0.05 
stem. Mer 0.05 0.05 0.05 0.04 0.04 0.06 

leaves ...... 0.06 0.03 0.01 0.10 0.04 0.06 

total uptake 0.15 0.11 0.10 0.18 0.13 0.17 


Table 4B. Experimental time 24 hours. Excised root-system. Caleium uptake in umol./g./hr. 


€ € — LT — — 


Nursery solution ca. 0.5 mM-Ca ca. 3 mM-Ca 

Test-solution mM-CaCl, 1 | 4 1 | 4 
Aeration . RU OR Dee TT, 0.02 | 0.06 */. 0.01 0.05 
NG PASrHT HTS... Run an 0.04 | 0.03 0.02 0.05 
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150 ml. solution without aeration and 800 ml. with strong aeration shows 
that no noteworthy oxygen-deficiency can occur under the experimental 
technique used in the author’s experiments. 

In order to further ascertain that the oxygen supply was adequate, a series 
of comparative experiments with and without extra supplies of oxygen is 
described (table 4). No definite difference appeared between plants with and 
without aeration, not even when boiled-out water was used at the commen- 
cement of the experiment. Treatment with air, oxygen or nitrogen appeared 
to have no effect on the ion uptake. The experiment was performed with 
excised roots as well as intact plants. The spread of the results is often large, 
however. No certain difference between plants with and without extra 
oxygen supply is apparent. The ion uptake has, however, generally been high 
in my experiments without extra oxygen supply. When Hoagland and Broyer 
(1936) and others demonstrated oxygen-deficiency the ion-uptake of the roots 
fell off rapidly. 

Further, one experiment was performed in which a comparison of the up- 
take from a streaming test-solution against a stationary solution according to 
the standard technique resulted in no difference, although the streaming 
solution would be expected to have the higher oxygen content. The rate of ion 
uptake of the whole plants and the distribution between organs has been sen- 
sibly the same in stationary and streaming solution (table 5). 

Strong evidence for the contention that the accumulation of calcium by the 
roots was proceeding at the optimal rate in these experiments was that with 
a 4mM-CaCl, medium (concentration used in the majority of experiments) 
the average content of the roots was the same for plants from 24-hour 
experiments in 150 ml. solution without aeration as for plants which had 
been constantly aerated for three weeks in the nursery. Using 150 ml. solu- 
tion without aeration both excised roots and roots of whole plants had the 
same Ca-content. It therefore seems justified to conclude that the oxygen 
supply is adequate in the experiments, which are of short duration, only 
occasionally lasting for more than 24 hours. The investigations have thus 
been performed without extra supplying of oxygen, the reason being that a 
relatively accurate measurement of the water transport was therefore ren- 
dered easily possible. 

An experimental error which could not be completely eliminated in the 
present experiments arose from the unavoidable changes in the concentration 
and composition of the test-solutions, which is caused by exchange of ions 
between plants and the medium and by the fact that the medium is not taken 
up by the plant in unchanged condition. With the use of 4 or 16 mM-CaCl, 
medium, more ions than water were taken up by plants showing a low inten- 
sity of water transport, but with a strong intensity the relationship was 
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reversed. In the experiments with 4mM-CaCl, changes in the concentration 
of the medium have only under exceptional conditions exceeded the limits 
3.8—4.7 mM-Ca. That this error cannot be expected to affect the results to 
any marked degree is clear from a comparison between the 150 and 800 ml. 
volumes of medium (figure 9). Using 800 ml. of medium changes in con- 
centration are completely negligible. 


6. Time-series 


When tissue-segments or roots are transferred from weaker to stronger 
nutrient solutions an extra absorption of ions, complete after some minutes, 
has often been observed (Stiles and Skelding 1940; Robertson 1944; Hope 
1951). This initial uptake-phase (Phase I) is believed to depend upon ex- 
change adsorption to the plasma surface or the plasma (Lundegardh 1940; 
Robertson 1944) and upon diffusion of ions into the »apparent free space» 
of the roots (Hope and Stevens 1952). 

The conclusion that the roots of pea-plants also exhibit a Phase I uptake 
could be drawn from the fact that the mean rate of uptake over the 0—i0 
hour experimental-periods was greater than that over 0—24 hours. In order 
to study the initial uptake in more detail, an experiment was performed in 
which with different rates of water transport the changes in calcium content 
were determined hourly during the first 5—6 hours. The plants were reared 
under standard nursery conditions and were transferred to 4mM-CaCl, test- 
solutions. In all the short-time experiments there was a very intensive ion up- 
take over the first hours. Since, however, the total increase in ion-content 
over these short experimental periods is low in relation to the experimental 
errors, irregularities appeared, necessitating the use of an interpolation. For 
each transpiration-series a mean-value was calculated for the determinations 
made during the first six hours. 

The initial uptake is independent of the amount of water transport, with 
a value of ca. 0.60 umol. Ca/g. normal plant or ca. 1.70 umol. Ca/g. wet wt. 
root. From figure 10 where results from 4 series are presented in semi- 
schematical graphical form, it is seen that the intensity of Phase II of the 
uptake, which is regarded to be accumulation to the vacuoles is also maximal 
in the beginning and decreases with the time. 

Because of the rapid changes of the intensities of Phase I and II of the 
uptake with time, the choice of experimental-period is of the greatest import- 
ance in the determination of the effect of water transport on ion uptake. 
With the use of short times, especially with highly-mobile ions, the effect of 
water transport on ion uptake can be expected to be of such minor importance 
compared with uptake to the root itself that it can only with difficulty be 
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detected. If on the contrary the period 3—24 hours is used, a marked correla- 
tion is obtained between the water transport through the root and the ion 
uptake of the plant. Ina plot of water transport against ion uptake the point 
at which the regression line cuts the ordinate can be expected to approach the 
origin more nearly. 

From figure 10 it further appears that an initial uptake can even be 
observed in the stem, because ions drawn thence by the transpiration stream 
during the first six hours remain mostly in the stem. A considerably larger 
number of experiments would need to be performed, however, in order to 
follow in detail the series of changes attending the uptake of ions to different 
parts of the plant over the period immediately following the changing of the 
medium. 


7. Previous history of the plants 


The earlier environment of the plants can strongly influence subsequent ion uptake. 
Hoagland and Broyer (1936) and Broyer and Hoagland (1943) have in some of their 
experiments used young barley plants, which initially contained little salt but much 
sugar, a relationship conferring a high capacity for ion uptake on the plants. The 
roots could be stimulated to rapid accumulation if temperature and oxygen supply 
were favourable. Plants of this type (low salt — high sugar plants) were obtained 
by the use in the nursery of limited salt nutrition at low concentrations. Sometimes 
the plants were placed for some days in tap-water before the experiment. The 
opposite condition, »high salt — low sugar», was induced by cultivation in relatively 
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Figure 11. Relation between water transport to the root and calcium uptake of the whole 

plant. Comparison between plants reared under standard nursery conditions (ca. 0.5 

mM-Ca), A and B, or ca. 0.1 mM-Ca at the end of cultivation, C, and plants reared in a 

medium with a higher calcium concentration. The three points in each series represent 

the uptakes by excised root-systems and by intact plants in darkness and in light with dry 

air, respectively. The broken line in fig. B represents the regression line for the total uptake 
in the light-darkness series of fig. 3. 


concentrated nutrient solutions with short intervals between renewal of solution. 
Subsequently, Alberda (1948), and Helder (1952) have exhaustively investigated the 
influence of the earlier milieu of the plants. Alberda allowed his plants to stand in 
tap-water for several weeks so that the roots and even the shoots should acquire 
large capacities for ion accumulation. In a comparison of the behaviour of excised 
roots and intact plants Humphries (1950) found that the degrees of uptake of ions 
which were at a deficient level in the intact plant were the same, but different for 
those ions with which the plant was already well-supplied. 


In order to obtain some idea of the degree to which the differences in the 
results of earlier workers about the significance of water transport for ion 
uptake might be attributable to differences in the initial nutrient status of 
the plants, a series of experiments were conducted with plants which had 
been cultivated in the nursery in solutions of varying strength. The results 
are presented in figure 11. In one experiment (figure 11 A) the ion uptake was 
compared between plants reared in standard nutrient solution (containing 
0.5 mM-Ca at the end of the cultivation) and plants grown in a nutrient solu- 
tion having 9 mM-Ca brought about through the addition of calcium chloride 
to a standard solution. The last-named solution was renewed three times per 
week, while the standard solution was only changed once during the entire 
cultivation-time of 20 days. In 24-hour experiments using 4 mM-CaQl, it was 
found that those plants which had received suboptimal calcium in the nur- 
sery took up considerably more calcium than those which had been well- 
supplied with Ca in the nursery. 

A similar result was obtained in an experiment where normally-reared 
plants were compared with plants from a nutrient solution to which CaCl, 
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had been added to give 4 mM-CaCl,. This experiment was repeated three 
times at intervals of four days so that plants of different age were investi- 
gated. There was a yellowing of the lower leaves in the oldest group of plants. 
Since there was quite a large variation in the results within each part of the 
experiment, only the mean values from the three age-groups for each con- 
centration of the nutrient solution are presented (figure 11 B). The intensity 
of uptake of plants from standard nutrient solution is higher than that usu- 
ally observed, possibly depending on a decrease in the Ca-concentration of 
the nutrient solution for the older plant-groups, since only water was added 
to replace the solution absorbed. On the contrary the plants from the higher 
concentration, which was renewed twice weekly, did not take up any calcium 
during the experiment under low transpiration conditions. 

A third comparison was conducted in similar manner between plants from 
a nutrient solution with a very low calcium concentration (ca. 0.1 mM at the 
end of cultivation) and plants from 5 mM-Ca solution. During the experiment 
a complete nutrient solution was used, identical with the more concentrated 
nursery-solution. Plants of three age-groups were studied as before, but all 
the plants were one week younger. Only the mean values for the results for 
each plant-group are presented (figure 11 C). 

Those plants which were reared in solutions stronger with regard to cal- 
cium have thus taken up less ions than plants which were cultivated in 
weaker solutions, provided transpiration-factors were kept equal. The regres- 
sion lines for plots of the water transport against the ion uptake for plants 
reared in more concentrated solutions cut the ordinate nearer the origin than 
do regression-lines from plants from weaker solutions. The roots of the high- 
salt plants were already saturated with regard to the ion studied, so that a 
rapid uptake and saturation during the first few hours has here partly or 
completely disappeared. A state of dynamic equilibrium between the ions in 
the medium and in the root had already been reached before the experimental 
period. 


8. Distribution of the total ion uptake in the organs 


So far, only the total uptake of ions by the plant has been discussed. 
For the purposes of the ensuing discussion, however, it will be advantageous 
to make an analysis of the distrihution of the ions taken up within the plant. 
The storage of calcium in the shoot, when media of 4 and 5mM-CaCl, are 
used, is practically proportional to the water transport with only a very small 
additive constant when the intensity of transpiration is varied by varying 
the humidity with constant illumination (figure 1B), varying illumination 
(figure 3 B) or varying root-temperature (figure 5). The same is true for 
chloride uptake (figure 6 B). Even when a medium of 16 mM-CaCl, was used, 
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Figure 12. The distribution of the ion uptake among different organs with varied water 
transport in 16 mM-CaCl:. Cf. fig. 9. The points on the ordinate are those for excised roots. 


Uptake by whole plant 
— — — — Uptake by root+stem 
_— — — Uptake to the root itself 


the levels of both Ca and Cl reached were nearly completely dependent on the 
water transport (figure 12). 

In all the 24-hour series, however, some ions have moved to the shoots 
when there has been no water transport (figures 1 B, 3 B, 5, 6 B, 12). This 
smaller part of the total uptake to the shoot is thought to be an indication of 
ion transport as a result of root pressure. Although this ion-uptake is numeri- 
cally small, it was observed in all the comparative experiments, so that it is 
considered to be a real phenomonen and not a random occurrence. 

In 24-hour experiments the storage in the stem has been essentially the 
same as that in the leaves. On the contrary, in 10-hour experiments the up- 
take to the stem was dominant, probably because a combination of an ion- 
exchange and an active accumulation in the cells of this organ during the 
first few hours has effectively deprived the transpiration stream of its ionic 
contents. After the cells of the stem have achieved this initial absorption, cal- 
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cium passes in larger quantities to the leaves (Cf. short-period experiments 
fig. 10). 

Storage in the root. The ion uptake of excised root-systems has for the greater 
part corresponded with the value obtained theoretically for the uptake by in- 
tact plants with zero water transport (figs. 3, 6, 9). With a low water transport 
the roots of intact plants have a somewhat lower uptake of ions than excised 
root-systems. With an increased water transport the root takes up more ions. 
In the series with varied root-temperature and darkness/light comparisons, 
the increasing calcium uptake with increasing water transport is quite 
insignificant, as is also the case for 16 mM-CaCl, for both Ca and Cl ions, 
(fig. 12). With the humidity-series for Ca and the 4 mM series for Cl on the 
contrary, a strongly increasing ion uptake accompanies an increased water 
transport, (fig. 1, 2, 6). It is difficult to see how these differences in the uptake 
to the root in the different series can be explained. Possibly there is a time 
factor involved. Perhaps the relatively short experimental period of 24 hours 
does not suffice for all the cells of the root to be reached and saturated by 
diffusing ions from the medium. Cells in the interior are supplied with ions 
through the agency of the transpiration stream. 


9. Ionic content in root, stem, and leaves 


It is seen from table 6 that the calcium content increases with increasing 
concentration of the medium. The root-contents are in the main the same 
for plants after three weeks in the nursery as after 24-hour experiments at the 
same calcium concentration both with excised root-systems and with weakly 
and strongly transpiring plants. The increase in the rate of calcium uptake 
in the root with increased water transport, mentioned earlier, is even more 
noteworthy in a 5 mM-medium. On the contrary the contents in the stem and 
the leaves increases markedly with increased water transport. The calcium 
content of the root is directly dependent on the concentration of the medium. 
In the stem and leaves, however, calcium may be stored at higher concentra- 
tions, which were observed in determinations on older pea-plants. Pierce and 
Appleman (1943) have reported that the mature Alaska pea-plant contains 
59—66 mequiv. calcium in the stem and 106—128 mequiv. calcium in the 
leaves/100 g. dry weight. Assuming that the dry matter percent was about 
18, the stems would contain ca. 50 mmol. and the leaves 100 mmol. Ca per kg. 
fresh weight. In the author’s experiments the maximal contents reached have 
been 30 and 60 mmol. Ca per kg. stem and leaf respectively. Pierce and Apple- 
man also showed that in the stem 65 °/o and in the leaves 82 °/o of the calcium 
was in the free ionic form. The content of oxalic acid was low. The experi- 
ments of Botticher and Behling (1939) with 5-year Hedera leaf cuttings are 
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Table 6. Dependence of calcium-content on medium concentrations. Mean values of the 

analyses. Figures for nursery-solutions refer to concentration at end of cultivation when 

plants were ca. 3 weeks old. The original concentrations for the series ca. 0.3, 0.5, 3.5, 8.5 

were 0.5, 1, 4 and 9 mM-Ca resp. Values for 24-hour experiment with plants reared in 
standard solution (0.5 mM-Ca at end of cultivation). 


| : Medium | Number of |Ca-content mmol./kg. fresh weight 
| Plant material concn. | determina- 
| mM-Ca tions root stem leaves 
ee ee SE A ER ANES Be 
| Fa 1019 8 5 7 17 
lp ca. 0.5 134 7 12 24 
| LOTUS EESCE UE an nen a 8 11 24 36 
| ca. 8.5 5 16 27 40 
| 
| From eaperiment: 
1 2 8 = = 
| Excised roots ........ 4 29 11 = = 
| 16 5 15 — — 
Weakly transpiring intact : x ay = oe 
plants (humid air or dark- = 22 a a a 
ness) 5 5 10 15 31 
lernen 16 3 15 21 35 
| 1 3 10 15 25 
| Strongly transpiring intact 4 36 11 18 33 
plants (dry air and light) 5 5 13 18 35 
16 3 16 28 57 | 


of interest here. Calcium was accumulated to extremely high levels. It is 
widely known that calcium does not generally move from the leaves. 

The changes in the calcium content with time were well illustrated in one 
experiment (fig. 13) where the transpiration was kept high through the use 
of 25 °/o relative humidity and illumination. The average values for water 
transport for the concentrations 2, 4, and 16 mM-CaCl, were 105, 80, 
and 72 mg./g. normal plant/hr. Over the first 24 hours, the root absorbed to 
its own cells a marked quantity of ions. During the second day, storage of 
calcium in the root continued. As before, the Ca-content of the root, stem and 
leaves has risen with increasing concentration of the nutrient solution. In the 
stem the storage was somewhat greater on the first than the second day. With 
the leaves, the accumulation during the second day was somewhat greater, 
because the initial absorption by the stem had then ceased, so that the tran- 
spiration stream during passage was not depleted of ions to such an extent. 

In this experiment (fig. 13) one plant-group was transferred from each 
concentration-series to distilled water for the final 22 hours. The calcium 
level in the roots was strongly decreased; in the stem a more or less constant 
level was maintained while in the leaves an uptake of calcium still occurred, 
(except with 2mM-CaCl,). When the roots were transferred to water, a tran- 


364 BERTIL HYLMO 


40 


30 
a 
3 
= 15 = © 
: 
E + 20 
= = 
z = 
O 2 
5 s 
z= 6 S 10 Ye 
© © 
25 
=< 
© 


16) 
° 22 44 HOURS (6) 22 44 HOURS 


Figure 13. The change in Ca-content of the root, stem and leaf with time after transferring 
from ca. 0.5 mM-Ca solution to CaClz medium of three different concentrations. After 22 
hours plant-groups have also been transferred to distilled water. 


sport of ions from root to leaves continued. Only a negligible leakage of Ca- 
ions from the root to the medium has occured. 

To obtain a further understanding of the strong dependence of the Ca- 
content of the root on the concentration of the nutrient solution, in one 
experiment the plants were changed each day between solutions of different 
concentration, (table 7). The Ca-content of the root has alternately risen and 
fallen with changes in the concentration of the solution. On the contrary the 
stem and leaves only responded slightly to changes of the medium. The level 
in the stem and leaves increased even when the medium’s concentration was 
lowered. The magnitude of the increase was related to the medium concen- 
tration. On transferring the plants to a weaker solution, the ions migrating to 
the stem and leaves have come in part directly from the medium and partly 
from the root, from whence they have been relinquished. 


10. The transpiration stream 


From a consideration of the regression-lines for the relationship water 
transport/ion uptake, it is a simple matter to calculate the concentration of 
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Table 7. Change of Ca-content in root, stem and leaves with daily altered CaCl: concentra- 
tion of the medium. After each 24 hours, plant-groups were taken for determination of 
Ca-content of the individual organs, while the rest have been transferred to a solution of 
altered concentration. Water transport was 80 mg./g./hr. on the average. 16-day-old plants 
reared by the standard nursery technique were used (ca. 0.5 mM-Ca). 
—————<——— —_——_—_—_—_—_—___ me 


Day 1 2 3 4 1 2 3 4 

Medium mM-CaCl, 1 4 1 4 1 4 1 4 
Ca-content mmol./kg. in root......... 810595856) 782 11024 8:5) 13:9) 78:27 1053 
StEM gage 14.4 24.2 25.5 28.3 14.1 19.0 22.2 26.5 

leaves ...... 22.7 27.4 31.7 33.3 17.2 22.4 25.7 31.9 

Day 1 2 3 4 1 2 3 4 

Medium mM-CaCl, 4 1 4 1 1 16 1 16 
Ca-content mmol./kg. in root......... 13.3 10.7 11.3 |: 91 Golly BOA ints) alfa 
stem ......| 17.4 19.0 24.9 24.9 15.2 26.6 29.4 43.8 

leaves ...... 22.0 21.3 27.0 28.2 18.4 48.2 51.6 61.6 


the liquid-stream in the root, (fig. 14 A and B). Both for Ca and Cl in 4 or 
16 mM-CaCl, test-solution, the ingoing stream is diluted relative to the 
medium. Only with very low intensities of water transport is the medium 
taken up in concentrated form. The choride-stream from the medium through 
the root is more diluted than the calcium-streain. For 1 mM-CaCl, test-solu- 
tion the ingoing stream is more concentrated than the medium for rates of 
water transport less than 40—50 mg./g./hr. The above statements apply where 
0.5 mM-CaCl, is used as the standard nutrient solution, and where the uptake 
by the root-cells themselves from the medium has been relatively large. If 
the concentration of the stream is calculated at a later stage of the experiment, 
or if the plant-roots are already in a »steady state» with the medium, (when 
the Phase I uptake vanishes and the first intensive part of Phase II, the 
accumulation phase, is weaker), the stream trough the root is always diluted 
relative to the medium. 

The influence of the time-factor on the apparent concentration of the in- 
going stream is shown in the following table in which the Ca concentration 
in 4 short-time experiments is presented for different time-intervals (0.5 mM- 
Ca standard nutrient solution and 4 mM-CaCl, test solution). The high con- 
centration of the first few hours decreases rapidly to approach asymptotically 
the value reached for plants at a »steady state» in relation to the medium. The 
above-described conception of the composition of transpiration-stream in the 
root, the apparent concentration, includes ions whose passages into the root 
are dependent and independent of water transport, the latter group being 
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Apparent mean concentration in mM-Ca of the ingoing 
Water transport stream to the root over different time-intervals 
me /a Br. Oth ET OR re ee ee 
16 51 | 8.1 | 5.9 3.7 
42 22 4.1 3.6 2.7 | 
| 51 19 3.9 3.3 | 2.5 | 
95 11 2.3 2.3 2.2 | 


those which freely diffuse in. It is also possible to calculate the true concen- 
tration of the transpiration stream, making allowance for Phases I and II. The 
relation water transport/ion uptake can be described by straight lines. This 
means that the true concentration of the transpiration stream is constant, 
independent of the rate of water uptake (fig. 14 A). It is however, dependent 
on the concentration of the medium, in relation to which it is always diluted. 

The individual root-cells absorb ions from the transpiration stream during 
passage of the latter through the root, so that it is somewhat less concentrated 
when it reaches the shoot. The transpiration of the stem is low, only about 
4 mg./g./hr., so that the removal of ions from the young stem of the pea-plant 
is proportionally larger than the loss of water. This means that the transpira- 
tion stream reaching the leaves is considerably more dilute (fig. 14 A). 

The regression coefficient in a plot of the plant water- and ion-uptake 
yields a direct expression of the true concentration of the transpiration stream 


Table 8. Values for the influx-coefficient, i= CrlCy: In the latter equation, the true con- 

centration of the transpiration stream has been calculated both from the common regression 

line of individual experimental points to give ij, and from the mean regression of the 

regression lines for each experiment to give ig. Experimental time 24 hours (10 hours for 
one humidity series). 


Experimental | 
¢ M-CaCl, 
Factor varied points F le I i, i, 
n Cy | ; 
Calcium | 
Darkness/light ......... .....! 6 1 0.89 0.56 + 0.08 | 
Dankness/Hcht N. | 20 | 4 | 0.53 0.52 + 0.04 
Root-temperature............ 9 | 4 | 0.54 — 
RIGOLO Nr... | 10 5 0.59 0.34 + 0.16 
| Humidity bon ar EL | 10 | 5 0.56 0.56 + 0.07 
1 DIN ONE Re | 6 16 | 0.53 0.49 + 0.06 
Rootless cuttings ee 4 4 — 1.16 
. Chloride | 
| Darkness/light aan. 6 1 0.65 0.61 + 0.08 
JI Rene 18 4 | 0.57 0.58 + 0.06 
Darknessilight une oes. 6 16 0.44 0.49 + 0.08 
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Figure 14A. The apparent concentration of the transpiration stream in its passage from 

medium to root, root to stem and stem to leaves and the true concentration of the trans- 

piration stream from medium to root with varying rate of water transport through the root. 
Values are from light-darkness experiments (fig. 3). 


Figure 14B. The apparent concentraticn of the transpiration stream in its passage from 
medium to root at different medium concentrations with varying rates of water transport. 
Values are from fig. 9. 


CALCIO — chloride — — — — CaCle concentration of medium. 
With 1 mM-CaCls medium, the calcium and chloride lines coincide, so only the chloride- 
concentration of the transpiration stream is given. In fig. 14 A and B, the mean concentra- 
tions during the 0—24 hr. period after transferring the plants from ca. 0.5 mM-Ca nursery 
solution are given. 


during its passage through the root. The regression increases with increasing 
concentration of the medium. The following relation is valid: 


Cr=i' Cy, 


where Cy is the concentration of the medium with regard to the particular 
ion-species and Cr is the true concentration of the transpiration stream. The 
influx coefficient, (i), has the same value for all tested concentrations and 
variation groups (table 8). A divergence occurred with the highest con- 
centration of chloride. The lower nett influx observed in this case may 
possibly have been a consequence of incipient chloride-saturation in leaves 
and stem, whereupon the chloride taken up was partially returned from the 
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shoot to the root and medium. Even if the experimental data for the 1 and 
16 mM-CaCi, concentrations is too small to establish the statistical certainty 
of the numerical values, the material presented is still strong evidence for the 
existence of a constant relationship C7/Cy within the range of concentrations 
investigated. The influx-coefficient has the same value for Ca and Cl. 

While the influx-coefficient is an expression of the true concentration of 
the transpiration stream, the »relative ion uptake» used by Schmidt (1936) is 
an expression of the apparent concentration of the stream in relation to the 
medium. 


In a single experiment, the water- and ion-uptakes were compared between 
intact plants and cuttings, where the root-system had been removed, (fig. 15). 
The water uptake was essentially the same in the two groups. The rootless 
plants absorbed considerably more Ca than the intact plants in light, and 
considerably less in darkness. An interesting fact was that the stem, without 
leaves or roots, took up very little ions. With all these rootless plants the 
medium entered in undiluted condition, since the influx-coefficient was 
numerically close to unity (i=1.16). This was even true of the 4 observations 
made on isolated stems. These investigations with truncated rootless plants 
may be interpreted to mean that a special mechanism is situated in the root 
which hinders the entrance of the medium in unchanged form into intact 
plants. 


The results of other workers (including Schmidt 1936; and Sandstrôm 
1950), lead one to the opinion that for other plants also there is a constant 
changing of the transpiration stream. Without access to the primary experi- 
mental data, however, it is not possible to see if the influx-coefficient has the 
same value as with pea-plants and if all ion-species are admitted in the same 
fashion. Regard would of course have to be taken of the fact that for several 
ions there is a return of ions from the shoot to the medium. 
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IV. General Discussion 


1. The uptake and storage of ions in the root 


Humphries (1950) writes: »As Hoagland and Broyer (1936) point out, the 
use of excised roots for the study of nutrient absorption eliminates the com- 
plications of root-shoot relationships, but at the same time brings difficulties 
of interpretation. The ultimate aim is to relate information obtained by this 
technique to the processes which take place in the intact plant». The writer 
is in full agreement. The majority of studies of ion absorption have been 
made with algae, tissue-segments or excised roots, often completely immersed 
in the medium. The observations made on this material have been assumed to 
hold also for intact plants, without regard for the complications which the 
transpiration stream and the presence of a shoot may introduce. Another 
portion of our present understanding of the plant’s ion-uptake has come from 
investigations of the bleeding phenomenon exhibited by excised roots. 

It has generally been possible to differentiate the ion uptake of totally 
immersed cells or cell-groups into two separate phases, namely an initial 
phase, which is completed a short time after the medium change, and a second 
phase which operates over a longer time. Phase I is to be regarded as a diffu- 
sion of ions from the medium to the root, governed by the existing concen- 
tration gradients. Ions which have diffused into the roots may exist therein 
in the free state or may be held adsorbed on colloids either through simple 
adsorption or through ion exchange. Ion adsorption leads to further ion 
transport into the root through diffusion. For surveys of the recent work 
performed in this field, reference may be made to Hoagland (1944), Broyer 
(1947, 1951), Burström (1948, 1951, 1951), Lundegardh (1950) and Robertson 
(1951). 

Phase I, diffusion and adsorption. When carrot-slices were transferred 
from water or very dilute salt-solutions to solutions of higher concentration, 
Stiles and Skelding (1940) found that an intensive ion uptake occurred during 
the first few hours. Similarly, using storage tissues, Robertson (1944) and 
Robertson and Turner (1945) were able to differentiate a primary uptake 
phase of non-metabolic character which was completed 10 minutes after the 
medium-change. This initial absorption was independent of temperature, 
having the same value at 7°, 13°, 19°, and 25°. On the other hand, the accu- 
mulation phase accelerated markedly with increase in temperature. This twc- 
phase course of the absorption has also been reported in storage tissue by 
Steward and Harrison (1939) Stiles and Dent (1946), Skelding and Rees 
(1952) and others. Two uptake phases have also been shown in algae. Thus 
Brooks (1937, 1940), working with Nitella, found an initial momentary uptake 
followed by a slow, steady phase. Brooks considered that Phase I was an 
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adsorption of ions in or on the plasma-surface in exchange with ions already 
present in the plasma. Similar but possibly not such distinct phases have been 
demonstrated in excised roots by Broyer and Overstreet (1940) and Broyer 
(1950). Even when the root-temperature was maintained at 0°, a significant 
ion uptake was demonstrable over the first few hours. In their studies of salt- 
respiration and accumulation in barley roots Milthorpe and Robertson (1948) 
demonstrated a well-defined initial absorption which had reached completion 
15 minutes after the medium change. 

Very recently, Hope and Stevens (1952), working with root-tips of Vicia 
faba have demonstrated a characteristic initial phase in the ion uptake. This 
was reversible in that an equivalent quantity of ions was released from the 
roots when they were returned to the original solution. Hope and Stevens 
have also measured the changes in electric potential between the roots and the 
medium, obtaining results which in the main confirm those of Lundegardh 
(1940). While the latter author ascribed the potentials to the presence of a 
lipoid-type membrane containing fixed negative valencies and having a high 
resistance to ionic movement through it, Hope and Stevens believe that mem- 
brane potentials are operative and that electrolytes can penetrate the plasma 
easily. Ions would be capable of free movement within the bulk of the plasma, 
from which they could be accumulated by the vacuoles. Hope and Stevens 
calculate that 13 °/o of the root-volume constitutes an »apparent free space» 
in which the ions are capable of free movement; this free space is believed to 
include the cell-walls and the cytoplasm. According to this interpretation, the 
first appreciable resistance to ionic diffusion occurs at the tonoplast, which 
is only very slightly permeable to charged ions unless metabolic activity is. 
coupled to the transport into the vacuole. 

The author’s experiments support previous observations regarding the two- 
phase nature of the uptake. In the short-time series, there was a characteristic 
initial phase, both for roots of intact plants and for excised roots. By extra- 
polation of the total uptake of the plants, (fig. 10) Phase I for Ca was cal- 
culated to have an approximate value of 0.60 umol. Ca/g. normal plant. For 
comparison, the average storage of calcium in the root over 24 hours is 1.35 
umol./g. normal plant. These values apply to plants reared by the standard 
technique and transferred to 4 mM-CaCl, solution. 

Only a few short-time experiments were performed for chloride. The extra 
uptake (=Phase I) over 0—5 hours was 0.20 umol. Cl/g. normal plant which 
is essentially lower than for Ca. That part of the chloride uptake which was 
independent of the transpiration stream (Phases I and II) was found to be 
1.25 umol./g. normal plant, determined as the total uptake by excised roots, 
and 1.00 umol./g. normal plant, determined by extrapolation to the ordinate 
of the regression line for the uptake of the whole plants (fig. 6). The chloride: 
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Figure 16. The rate of chloride uptake by the root itself at (a) 0°, (b) 7°, (c) 20° subdivided 

into Phase I (diffusion and ion exchange), Phase II (accumulation) and Phase III (portion 

dependent on water transport). By using the relation between water transport and chloride 

uptake by the root (fig. 6) Phase III has been calculated (d) in fig. B. Phase I is taken to 

be the portion of the uptake at 0° independent of the water transport. The remainder is 

regarded as Phase II. Experimental time 0—5 hr. Plants reared in chloride-free standard 
nursery solution and transferred to 4 mM-CaCl test-solution. 


phases are also considerably lower than the corresponding calcium phases. 
For plants having a large water transport, however, the absorption of chloride 
in the root is higher, and somewhat exceeds that of calcium, reckoning in 
equivalent quantities. 

The magnitude of Phase I the chloride uptake to the root could be deter- 
mined in the author’s experiments in another way, namely by depression of 
the root-temperature. Kramer and Wiebe (1952) found that the rate of uptake 
was approximately 10 times as large at 20° as at 3°, and considered that the 
value at 3° could be taken as an index of the non-metabolic processes. Skel- 
ding and Rees (1952) found that for Phase I Q,, was 1.1 but for Phase II 
values between 1.9 and 2.3 were obtained. Broyer’s contention that he had 
demonstrated an uptake in excised roots at 0.5° which was partially due to 
metabolic accumulation appears to warrant further investigation. It is gener- 
ally considered that the portion of the ion uptake governed by metabolic 
processes should be virtually inoperative at such a low temperature as in 
Broyer’s experiments. In the author’s experiments, the absorption of ions in 
the root diminished with falling temperature for both calcium and chloride. 
Because the accumulation by the root is small in comparison with the total 
ion-uptake of the plant, the diminished ion-uptake with depression of root- 
temperature is not obvious in the diagram of the relation between water 
transport and the total ion-uptake of the plant, (fig. 5, 6). Because the plants 
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were transferred in these experiments to a medium at 20°, the temperature 
being subsequently lowered to 0—2° during the experiment, a rapid accumu- 
lation over the first few hours has been possible. 

In one experiment with intact plants lasting 5 hours, where the root- 
temperature was 0°, 7°, and 20° respectively from the beginning of the 
experiment, the phases of chloride uptake by the root have been approx- 
imately delineated. By the use of the regression coefficient for the relation 
water transport/chloride uptake by the root itself (fig. 6, R—0.0011), that 
portion of the uptake dependent on the water transport (Phase III) could 
be derived (fig. 16 B). Assuming that accumulation has ceased at 0°, Phase I 
is obtained by regarding it as the difference at 0° between the total uptake by 
the root and Phase III. Since Phase I appears to have the same value at all 
temperatures, Phase II can be regarded at 7° and 20° to be the remaining 
portion after subtracting Phases I and III. The accumulation-curve (Phase II, 
fig. 16 A) describes the first portion of a temperature-dependent optimum 
curve. When Phases I and II of the uptake to the root are taken from the total 
chloride uptake of the plants in this series, it is found that the remaining 
chloride uptake is directly proportional to the water transport. In this way a 
value of 0.23 umol./g. normal plant is obtained for Phase I for chloride. The 
corresponding value obtained from the time-series was 0.20 umol./g. Of 
course data is too limited to permit one to be statistically certain of this agree- 
ment. Parallel 24-hour experiments gave a similar result. For more detailed 
studies concerning the division of the uptake of the roots into phases, a more 
suitable method than that here employed should be devised. The data pre- 
sented here is only intended to describe approximately the different phases 
of the plant’s uptake. 

The considerable difference in the initial absorptions of cations and anions 
is in agreement with the hypothesis that the plasma-colloids are predomi- 
nantly negatively-charged, (Lundegärdh 1940). Calcium ions entering the 
root by diffusion are in part adsorbed by ion exchange to the plasma-surface, 
according to Lundegardh (1940) or to the bulk of the cytoplasm, according 
to Hope and Stevens (1952). Mattson et al. (1949) consider that the strongly 
acidic groups of the pectins in the cell wall are important. The localisation of 
the adsorption is of no essential importance to the present discussion. Since 
calcium is partly adsorbed a concentration gradient remains and ions con- 
tinue to diffuse in until such an increase in root-concentration is reached 
that a Donnan equilibrium is established between the ions adsorbed on rela- 
tively immobile macromolecules and free ions in solution. That it is rather 
a question of adsorption of calcium than of a combination with organic‘mole- 
cules is indicated by the fact that practically all the ions which have diffused 
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into the root can be induced to move to other organs when the roots are 
transferred to a weaker medium or to water (fig. 13 and table 7). 

It seems probable that chloride ions are adsorbed to only a small extent 
to the predominantly negatively-charged plasma-colloids, so that all the 
measured Phase I (0.20—0.23 umol./g. normal plant) can be regarded to be 
free ions which have diffused into the root from the medium. With this 
assumption, the »apparent free space» for the author’s material, reckoned 
according to Hope and Stevens (1952), has a value of 7—8 °/o of the root- 
volume. (The roots constitute on the average 36 °/o of the plant’s fresh 
weight). Hope and Stevens found an »apparent free space» of 13 % for 
root-tips. The difference is probably due to the different experimental material 
used. In the thicker roots used by the author, the inner parts of the older 
roots are not reached by diffusing ions during 24 hours. Pea-roots require 
the assistance of the transpiration stream in order to make good their chloride 
requirements. The results should be compared with those of Butler (1953), 
who, using two independent methods, arrived at a value of 23 °/o for the 
»apparent free space» in 5-day-old wheat roots. 

The following table represents a subdivision of the ion uptake of the root 
into different phases according to the above reasoning. The plants had been 
raised in 0.5 mM-Ca-containing nutrient solution and were transferred to 
4mM-CaCl, for 24 hours. The free Ca- and Cl-ions in the cell walls and 
plasma solution are assumed to be present in equivalent amounts. The values 
are expressed per g. normal plant. The chloride uptake is that obtained for 
plants having a water transport of 70 mg./g. normal plant/hr. 


Ca’ 2Cl’ 
Mode of transport 
wmol./g. | »mol./g./hr. | »mol./g. | umol./g./br. 
Diffusion into the root 
Phase I: a) free in walls and cytoplasm 0.10 0.004 0.10 0.005 
b) adsorbed in walls and cyto- 
Plasma. ee ode Ses caine 0.50 0.02 0.00 0.000 
Phase Il: accumulated in vacuoles ...... 0.75 0.03 0.35 0.015 
Dependent on transpiration stream 
Eraser TG RE RE ane es cs 0.00 0.00 0.85 0.035 
Total storage by the root 1.35 0.054 1.30 0.055 


These experiments were not directed particularly towards a study of the 
uptake of ions by the root itself. In order not to unnecessarily complicate the 
discussion the proposal of Jenny and Overstreet (1939) that contact exchange 
and surface migration may be alternative mechanisms to simple diffusion 
has not been taken into account. In the above table, under the heading 
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»Diffusion into the root» (independent of transpiration stream) is included 
also those ions which may have entered through contact exchange and which 
may be further transported by surface migration. The essential point in this 
discussion is to differentiate that portion of the uptake dependent on the 
transpiration stream from the remainder. Other methods are required to 
throw light on those physical mechanisms which concern details of the up- 
take by the root and which cannot be distinguished in this investigation from 
simple diffusion. 

Phase II, accumulation. The ion-accumulation process dependent on aero- 
bic respiration has been the object of intensive study. Using as experimental 
material algae, tissue-segment and excised roots an active uptake has been 
demonstrated by which ions are accumulated in the vacuoles to concentra- 
tions which greatly exceed that of the external medium. All the uptake which 
cannot be referred to the momentary initial absorption is customarily re- 
garded as accumulation in studies with totally-immersed cells or cell- 
groups. 

In the author’s data it has also been possible to demonstrate, in addition 
to the primary absorption, an intensive storage of calcium and chloride, 
which is regarded as accumulation. In experiments with plants reared under 
standard nursery conditions and transferred for 24 hours to a 4 mM-CaCl, 
solution, the Ca-content of the root rose from 7 mmol./kg. to 11 mmol./kg. 
fresh weight, practically independently of the rate of water transport and 
irrespective of the presence or absence of the shoot (table 6). The uptake of 
calcium to the root itself was related to the medium-concentration in that 
increasing the latter increased the root-content. These observations confirm 
earlier results, including those of Stiles and Skelding (1940), Brooks and 
Brooks (1941), Helder (1952). 


The leakage from root to shoot which occurs when plants are transferred 
to a weaker solution or to water has been mentioned earlier in the discussion 
of Phase I. The leakage is so extensive that not only free and adsorbed ions, 
but also those accumulated in the vacuoles are involved, (figure 13 and table 
7). This seems to indicate that a state of dynamic equilibrium a »steady 
state» — is in operation between the Ca-concentration of the medium and of 
the root. The »steady state» is determined by all the physical, chemical and 
physiological forces operative in the cell, including in the total ion content 
of the root free, adsorbed, combined and accumulated ions. 


As found for storage tissue, the manner of variation of the »steady states» 
of the root with variation of the medium concentration is described by a non- 
linear curve which approaches a maximal value asymptotically at higher 
concentrations. Stiles (1924), Helder (1952) and others have fitted Freund- 


TRANSPIRATION AND ION ABSORPTION 375 


lich and Langmuir adsorption isotherms to these curves. Arnold (1952) has 
pointed out that without a preliminary differentiation into the individual up- 
take phases such attempts to mathematically describe the uptake-phenomenon 
are of little value. 

That accumulated ions may leak out from the vacuoles and be transported 
to the shoot has been demonstrated several times previously. Steward, et al. 
(1942) and Broyer and Hoagland (1943) have shown that considerable quanti- 
ties of K and Br ions leave the root when plants are transferred to weaker 
solutions and are transported to the stem and leaves. The Br-content of the 
root could be reduced to unanalysable amounts. Hoagland (1944) also re- 
ported another experiment with intact plants where a large portion of the 
root-potassium was drawn from the roots up into the shoots. On the contrary 
it is generally held that in excised roots, tissue-disks and algae a correspond- 
ing leakage does not occur. Prevot and Steward (1936) point out the large 
difference in this respect between intact plants and excised roots. Hope and 
Stevens (1952) have, however, shown decisively that in root-tips of Vicia 
faba there is not only a momentary leakage corresponding to the uptake of 
Phase I but also a more leisurely loss of accumulated ions. Robertson et al. 
(1951) and Robertson (1951) have shown that carrot-cells have a consider- 
able resistance to back diffusion which is not destroyed when the accumu- 
latory mechanism is inhibited. The reasons for the differences between algae 
and storage tissue on the one hand and roots on the other would appear to 
warrant further study. 

It is perhaps interesting to observe that the »steady state» values for cal- 
cium are for the most part of the same magnitude as in other organisms. In 
lake-water with a concentration of 0.65 mM-Ca Hoagland and Davis (1929) 
found a Ca-content in Chara of 6—9.5 mmol./l. In another lake having 1.0— 
1.1 mM-Ca in the water the Ca-content of Nitella was 6.5—8.5 mmol./l. Col- 
lander (1942) has furnished for different Nitella, Chara and Tolypella species 
values which agree in the main with those of Hoagland and Davis. The cal- 
cium-content of pea-roots in a medium of 1 mM-CaCl, was in the author’s 
experiments 8—10 mmol./kg. fresh weight. For marine algae, however, quite 
other relations obtain. 

‘In a 24-hour experiment, there is insufficient time for the »steady state» 
to be reached (figure 13). Accumulation at a strongly depressed rate continues 
even on the second and third days so that the root-content is somewhat fur- 
ther increased. Since the root-tissues have reached a »steady-state» in relation 
to the medium, the uptake of ions to the root itself should then be limited to 
uptake associated with growth either by cell-elongation or cell-division, as 
has been already pointed out by Steward (1935), Wiersum (1945) and Helder 
(1951, 1952). Alberda (1948) has also shown that for high-salt maize plants 
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the growth of the shoot is the determining factor for the uptake of phosphate. 
Excess phosphate is returned to the root and the medium. 

It is appropriate at this stage to pose the question whether the behavior 
of Hoagland and Broyer’s (1936) low salt-high sugar and high salt-low sugar 
plants respectively is in general dependent to such a high degree on the sugar 
relations of the root as Hoagland (1944) believed. Humphries (1950) con- 
cludes: »The low-salt condition of roots postulated by Hoagland and Broyer 
is not necessarily the primary requisite for rapid absorption of a particular 
ion. It is rather that the roots should be deficient in that ion. The roots could 
be high in other salts». A similar conclusion was reached by Alberda (1948) 
in work with intact maize plants. The greater absorptive capacity of low-salt 
plants should, according to this interpretation, be due to the greater displace- 
ment of the equilibrium from the steady-state condition. Ions or groups of 
ion-species with mutual antagonistic effects are taken up individually, in- 
dependently of other ions or ion-groups. In short-time experiments with intact 
plants sufficient amounts of sugar should generally be present in the roots to 
allow the steady state to be attained for ions which are not accumulated in 
especially large quantities. Of course, for ions such as nitrate, phosphate and 
potassium, which can all be accumulated to extremely high concentrations, 
the supply of energy in the form of sugar may be a limiting factor both for 
accumulative and assimilative processes. 

Significance of the transpiration stream for the uptake to the root. The up- 
take of chloride ions to the roots is strongly dependent on the amount of 
water transported (figure 6). This is a phenomenon which can possibly be 
explained in terms of the small tendency of chloride ions to adsorption ex- 
change. Without the cooperation of the transpiration stream all the ion- 
absorbing cells of the root do not come into contact with the chloride-con- 
taining solution. The time factor assumes here great importance and the 
transpiration stream can be regarded as having an accelerating effect on the 
chloride uptake to the absorbing regions. The Ca uptake also increases with 
increasing water transport, especially over shorter time-intervals. The experi- 
ments do not indicate whether the time-dependent ion uptake, accelerated by 


water transport, consists only of active accumulation or whether exchange 
adsorption is also affected. 


2. Ion uptake of the entire plant 


Following the preceding discussion of the uptake of ions to the root itself, 
we shali now consider the total ion uptake by the plant. The shoot of the 
pea-plant is essentially dependent on the transpiration stream for its supplies 
of calcium and chloride. The observation that the water transport influences 
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the ion uptake by the plant is in contradiction to most contemporary view- 
points, but is in agreement with not a few earlier works. An attempt to analyse 
the reasons which underlie the divergences of opinion will be made. 


Earlier investigations showing no demonstrable relation. The experimental evidence 
which is generally cited as witness that the transpiration does not influence ion 
uptake of the plant is to be found in relatively old studies which were not performed 
with modern physiological techniques. The data are also astonishingly limited. 

On Cuba Hasselbring (1914) cultivated tobacco-plants in soil in large containers 
some of which were exposed to direct sunlight while the rest were under a cheese- 
clothe shelter which reduced the light by about one third. The plants without shade 
transpired 30 °/o more than those under shade; the former exhibited incipient 
wilting from time to time. After the experiment had lasted sixty days the plants with 
the higher transpiration showed a somewhat lower ash-content than those with low 
transpiration. It is difficult to draw trustworthy conclusions from those long-time 
experiments, where several factors were not controlled. Kieselbach (1916) also used 
long-time experiments. Maize plants were cultivated in earth in dry and humid glass- 
houses and the relation between water transport and ash-content did not emerge. 
The plants in the drier atmosphere did, however, show considerably more growth 
than those in the humid glass-house. Mendiola (1922) found no difference in the 
ash-content of tobacco-plants which were cultivated for an experimental period of 
1—3 months in culture solution partly in humid and partly in dry chambers. 
Muenscher (1922) also made his observations on plants which were not held under 
constant conditions and used a time of 25 days. During such a long experimental- 
time the plants showed different growth in light and dark. In long-time experiments 
of this type which were used in the above studies the effect of transpiration could 
not be discerned, but secondary effects such as growth, production of light- and 
shadow-leaves and solution concentration are thought to have had a strong influence. 
These older investigations can no longer be regarded as trustworthy evidence in 
the discussion of the role of the transpiration-stream in ion transport. 

As Schmidt (1936) has observed, the concentrations of the nutrient solutions in 
the experiments of Muenscher (1922) and of Gracanin (1932) varied greatly during 
the experiments, often by more than 100 °/o. Gracanin found no differences in ion 
uptake in either 24-hr. or 5-day experiments in sunlight, shade or darkness with 
young barley, wheat, maize and pea-plants cultivated in acid calcium phosphate 
solutions. 

Hoagland (1944) and his associates, who have performed extensive studies of the 
active uptake process, have mainly used algae or excised roots as experimental 
material, but a few experiments have been described in which whole plants were 
used. They have concluded that transpiration and water absorption do not directly 
control the rate of salt intake. They found that solutes can be absorbed from a 
culture solution either more or less rapidly than water is absorbed, depending on 
the kind of solutes, the salt content of the plant, its sugar content, and the metabolic 
activity of the roots. 

Broyer and Hoagland (1943) describe a series of experiments which are often 
quoted in the discussion of the active uptake of ions by intact plants. In one experi- 
ment with 19-day-old low salt-high sugar barley plants using a 12-hour test-period, 
no differences in potassium or bromide uptake were found for plants in darkness 
or in light, despite large differences in the water transport. The transpiration had, 


378 BERTIL HYLMO 


N 
O 


ow-salt 


Cd 
Oo 


> 
O 


Figure 17. Relation between water and ion uptake 
by low-salt and high-salt barley plants. Experimental 
time 0—48 hr. Experimental culture solutions, 
aerated continuously, were on the average less than 
5 mM-KBr. After Broyer and Hoagland (1943, table 3). 
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however, a slight effect in that the increase in ions in the upper part of the shoot 
was greater in light than in darkness. The explanation for the high water transport 
not having had a larger effect in this experiment is probably to be found in a greater 
intensity of storing of potassium in the root. Under the relatively short experimental- 
times used, the low salt plants did not have nearly enough time to reach a steady 
state, so that the uptake to the root itself was dominant over further transport to 
the shoot. With plants held in darkness moreover, a lively guttation was noted so that 
a transport of ions by a bleeding mechanism may have been a major factor. Bromide 
and potassium were taken up in almost equivalent amounts. 

In several other experiments described in the same communication (Broyer and 
Hoagland 1943), a more significant difference in the uptake by low salt plants was 
not observed, but when high salt plants were tried quite another picture was 
immediately seen. In figure 17 the results from Broyer and Hoagland, table 3, are 
graphically represented (table 4 in Hoagland 1944). The results are strongly similar 
to those of the author with different nutrient-solutions (figure 11). Broyer and 
Hoagland state: »The data presented on young barley plants oppose the idea that 
either the absorption or translocation of salt necessarily depends on absorption of 
water or transpiration, even though it may be possible to arrange conditions so that 
more salt is absorbed when more water is absorbed». Hoagland and his school were 
thus not unacquainted with the fact that the ion uptake by plants increases under 
certain conditions with increasing water transport. Broyer and Hoagland (1943) 
also mention a striking example of the effect of the transpiration stream in an 
experiment with cotton and cucumber using radioactive bromide ions in which Br* 
could be detected within '/2—1 hour in the tops of strongly-transpiring plants, but 
not in weakly-transpiring ones. 

Earlier investigations demonstrating the effect of the transpiration stream. Among 
the studies which have shown a relationship between the water transport and ion 
uptake, only those more recently performed under controlled environmental condi- 
tions will be considered. A direct proportionality with no additive constant between 
water and ion uptake has not in general appeared as in the author's experiments, 
because the plants have absorbed ions even under conditions of low or negligible 
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water transport. Schmidt (1936), Bôtticher and Behling (1939) and Wright (1939) 
have, however, under certain circumstances and for certain ion-species alleged a 
direct proportionality with no additive constant between the passage of water and 
ions into the root. 

Schmidt (1936) used 5-month-old cuttings of Sanchezia nobilis which were reared 
in relatively concentrated nursery-solutions with frequent changes. An identical solu- 
tion was used in the experiments. A linear regression was obtained for the relation 
water transport against phosphate, nitrate, magnesium and calcium uptakes. On 
the other hand a slightly-curved regression-line was obtained for potassium. An 
interesting point is that all the lines with the exception of nitrate pass through the 
origin, within the limits of error. The roots of these rather old plants with probably 
only slow growth rate were initially in a steady-state with the medium so that no 
appreciable nett diffusion into the root with subsequent ion exchange took place. 
Similarly accumulation to the vacuoles has not occurred, because of a steady-state 
condition initially. That the roots were in an active metabolic state and were not 
suffering for example from oxygen deficiency is shown by the nitrate uptake, which 
occurred even with low water transport and gave a relative ion uptake of as much 
as 6. The special relations for nitrate are not surprising when account is taken of 
the high consumption and rapid assimilation of this ion-species which often takes 
place in the root. 

In an interesting investigation of the development of light- and shadow-leaves 
Bôtticher and Behling (1939) have also considered the significance of transpiration 
for calcium, potassium and phosphate uptake by the plant and have demonstrated 
the relation between them. Calcium was taken up proportionally with water with 
no additive constant, while potassium and phosphate entered in quantity even in the 
absence of water transport. The experiments lasted 5—8 days and in order that dif- 
ferences in growth should not influence the results the plant-groups were alternated 
daily between humid and dry rooms. The loss from the medium of salts and water 
was determined daily, both the nutrient solution and test-solution were renewed daily. 

Using bush bean plants at the flowering stage Wright (1939) found that with 
identical nutrient and test-solutions in 4-day experiments an increased uptake of 
Ca, K and phosphate accompanied increased water transport. The calcium uptake 
of the plants was directly proportional with no additive constant to the transpiration 
but on the other hand more potassium and phosphate were taken up at low inten- 
sities of water transport than strict proportionality would require. The amount of 
nitrate taken up was only slightly dependent on the transpiration-stream. The 
importance of the root’s own uptake of ions is illustrated in Wright’s experiments. 
Ion-species such as NO, are accumulated in the root-cells to high levels and parti- 
cipate to a large ee in metabolic processes. The portion of the total uptake 
dependent on the transpiration stream is relatively small and easily neglected. It 
should further be noted that the time factor can have a considerable bearing. Thus 
in a humidity-experiment of the author lasting 10 hours (figure 2) the stems absorbed 
calcium to such a high degree that the leaves received practically none at all. For 
ion-species which are accumulated to moderate degree such as K and phosphate, 
the influence of the transpiration stream can be detected even when there is a high 
rate of uptake in the absence of water transport. For calcium ions which are rela- 
tively inert in this connection and are not accumulated to high levels, the absorption 
to the root is small in comparison with the quantities which are moved by the 


transpiration stream to the aerial organs. 
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For several plant-species Freeland (1936, 1937) has demonstrated a relation, both 
in short- and long-time experiments. With increasing transpiration more K, Ca, and 
P were generally taken up. Good relations were found between water transport and 
calcium uptake for tomato, sunflower, bean but not for maize. The divergent result 
with maize may possibly be due to the fact that the grass, being a silica-plant, took 
up very little calcium to the shoot. It is also possible that calcium was returned from 
the shoot so that the net uptake of calcium did not increase with water transport. 
Bôtticher and Behling were able to demonstrate an almost exact relation between 
calcium and water uptake in maize but barley-plants on the other hand took up no 
calcium. 


Among the more recent studies, Phillis and Mason (1940) and Mason and Phillis 
(1945) varied the rate of transpiration both by darkness/light and ringed plant— 
normal plant experiments. With both methods increased Ca and Br uptake was 
shown with increasing water transport. A study, of the many experiments sub- 
sequently recorded in literature shows that the reply of Mason and Phillis (1945) 
to the criticisms of Steward (1943) was correct. Michael and Wilberg (1951) have 
demonstrated in 8-day experiments a relation between Ca and Li uptakes and 
transpiration in rye seedlings. 


In this connection an observation of Haas and Reed (1927) should be mentioned, 
namely that in Citrus leaves exposed to a drying wind the ash-content and especially 
the water-solube calcium increased markedly. 


Water transport and ion uptake. Summary. Main interest has been centred 
for some time on the ion accumulation associated with metabolic processes, 
the objects of study being algae, storage tissue and excised roots. Indirect 
conclusions from these experiments have led to the belief that that portion 
of the ion uptake by the root which is further transported to the shoot is 
also dependent on metabolic prosesses in the root and the ion uptake of the 
plan is independent of the rate of water transport. 

The experimental evidence underlying the belief that there is no relation 
between ion- and water-uptakes is astonishingly slight. Most of the experi- 
ments were performed over lengthy periods of time under uncontrolled 
environmental conditions. In more recent experiments, even when they have 
been performed by leading exponents of the »active uptake» hypothesis, 
an increased ion uptake with increasing transpiration has been found under 
suitable experimental conditions. The differences in the degree of relation- 
ship obtained can be explained to have depended the previous history of 
the plants, the length of the experimental time, concentration of the test- 
medium in relation to the nutrient solution and the particular ion used. The 
author’s experiments constitute further evidence for the view that under 


certain well-definable conditions the transpiration influences the uptake 
of ions by the plant. 
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3. Does the transpiration stream influence the ion uptake directly or 
indirectly? 


The few workers who have discussed this problem consider the role of 
the transpiration stream to be a secondary one. They regard the transpiration 
stream as the transporting-agent away from the root of ions which have 
earlier been taken up actively from the medium (Freeland 1937; Broyer and 
Hoagland 1943). Hoagland (1944, p. 100) summarised the viewpoint of his 
school upon the problem as follows: »Thus transpiration does not assume 
the determinative role in either absorption or translocation of salt that was 
once supposed. Neither, however, can we dissociate entirely the absorption 
and upward movement of salt and water. Transpiration makes possible the 
rapid carrying of nutrient solution over long distances and the rapid removal 
of salt from the roots, so that conditions are favourable for continued active 
movement of salt into the upward conducting tissues.» In 1951 Broyer 
expressed the same view (p. 238) and added: »The indirect influence of 
transpiration in enhancing the rate of translocation in some cases is clear, 
though probably unimportant under usual growth conditions.» 


The view that salts are secreted into the xylem, from whence they are 
transported to the shoot by the transpiration stream has also been expressed 
by Lundegardh (1950), Robertson (1951), Biddulph (1951) and Arisz (1952). 
Freeland (1937) proposed another possible solution in that the effect of the 
transpiration on salt uptake should lie in a concentration of the medium 
immediately adjacent to the root-surfaces when water was absorbed and ions 
were left outside. Crafts and Broyer (1938) also reached the same conclusion, 
though they also thought that the effect could depend on an acceleration 
of the inward movement of oxygen to the root resulting in an increase of 
the activity of the plasma in ion uptake. The latter view of a stimulation of 
the salt-respiration is shared by Lundegardh (1943). 

The question of the mechanism by which the transpiration stream affects 
ion uptake has earlier been discussed only in passing and experiments to 
throw light on the cause of the relation do not appear to have been made. 
It has previously been considered sufficient to establish that a relationship 
exists. Those who completely reject the possibility that the transpiration 
stream can influence ion uptake often present the problem in the same way 
as Miller (1938, p. 239): »Since plants do not absorb water and dissolved 
substances from the soil in the same proportion as these constituents occur 
in the solution, it is difficult to understand how transpiration may in any way 
influence the amount of salts in the plant.» The fact that the plant-medium 
is not absorbed in unchanged form, together with the demonstration of an 
active component of the uptake to the root, has meant that the old viewpoint 
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that the transpiration stream drew the medium through the plant by mass 
flow has been completely rejected. The discussions of earlier workers have 
been complicated by the fact that the ion uptake of the plant could not be 
subdivided into its different phases. In this connection of course, only that 
portion of the plant’s uptake which is dependent on the transpiration stream 
should be discussed; that portion of the uptake which enters the root by other 
means, e.g. diffusion will not be considered here. 


The present experiments indicate that the magnitude of this phase of the 
ion uptake is determined solely by. the rate of water uptake; the method 
used to vary the rate of transpiration is of no importance. The same 
regression line for the ion and water uptakes is obtained with variation 
of the humidity under constant illumination, by a comparison between plants 
in darkness and light, with depressed root-temperature and when transpiring 
parts of the shoot are removed. The particular result that when the meta- 
bolism of the root virtually ceased after the root-temperature was lowered 
to 0—2°, ions continued to be transported to the shoot is interesting. The 
rate of ion uptake declined in proportion to the lowered water transport 
caused by diminishing the root-temperature. The fact that a strong transport 
of ions from medium to shoot occurred even when the active ion-uptake 
mechanism of the root can be regarded to have ceased functioning argues 
against the view that the transpiration stream merely shifts ions which have 
firstly been taken up actively. 

That ion transport can be independent of the metabolism of the root is 
also indicated by experiments of Hopkins et al. (1950), where the metabolic 
activity of the roots was lowered not by a low temperature but by using low 
oxygen tensions. With 0.5 °/o oxygen, the root-growth ceased but the shoot 
continued to grow and a normal salt supply from the medium was main- 
tained. This indicates that the rate of ion transfer from the root to the shoot 
is independent of aerobic mechanisms in the roots. An obvious objection 
to this experiment is that with oxygen deficiency injury of the roots might 
be expected, so that the nutrient solution could enter in unchanged form, 
as in the author’s experiments with cuttings. 


The linear relationship between water and ion transport means that the 
true concentration of the transpiration stream is the same for all rates of 
water transport. If the transpiration stream had merely transported further 
ions which had already been taken up actively, it would hardly have been 
expected that the postulated »secretion» to the xylem would maintain an 
even speed with the water-stream even if some type of dynamic equilibrium 
between ion accumulation and secretion was dependent on the rate of removal 
of ions by the transpiration stream, Instead a non-linear regression curve 
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would probably then have been obtained, as is usually the case for phenomena 
regulated by metabolic processes. 

The concentration of the medium was varied within wide limits (1—16 
mM-CaCl,) but at each concentration the result that the true concentration 
of the transpiration stream was independent of the rate of water transport 
held true. If active ion uptake had been operative, a slowing-up of the uptake 
might be expected to have occurred at high medium-concentration and high 
rate of transpiration. It must be remembered, however, that for other ions 
such as NO, and K the root has high capacities for accumulation so that the 
above reasoning is not a complete explanation. 

The fact that the true concentration of the transpiration stream has the 
same value whether the root-temperature is 0—2° or 20° also argues for 
the idea that these ions are not involved in metabolic processes during their 
passage through the root. 

That the true concentration of the transpiration stream for calcium and 
chloride was always lower than the medium concentration indicates also 
that active metabolism has not been operative in the absorption. Some 
concentrating effect might have been expected at the lower medium- 
concentrations, 1 mM-CaCl,. Contrary to the case here, the active bleeding- 
stream always has a higher osmotic value than the medium, (Eaton 1943; 
Arisz et al. 1951). Where a stream from the medium to the root or from the 
root to the stem has been shown to have a higher apparent concentration than 
the medium (e.g. Broyer and Hoagland 1943) the uptake to the root by 
diffusion or the portion of the transport to the shoot which is independent 
of transpiration (but dependent on root pressure) has been included in 
the calculations. Huber (1936, 1937) found by measurement of electrical 
conductivity an electrolyte-content in the branches of Syringa and Sorbus 
which varied with the rate of transpiration; it is thought by the present 
writer that this indicates the participation of the root pressure in transport 
of ions to the shoot. With low water transport the concentration was higher 
than with high transport. 

In pea-plants also a root-pressure transport of a minor nature could be 
detected. This was, however, such a minor effect, that in no case has the 
apparent Ca-concentration of the transpiration stream from root to shoot 
exceeded the Ca-concentration of the medium when 4 and 16 mM-CaCl, 
were used. On the other hand a concentrated stream has on a few occasions 
passed the root-shoot boundary when 1 mM-CaCl, was used. This concentra- 
tion could be demonstrated when plants were transferred from ca. 0.5 mM-Ca 
nutrient solution, but it was especially marked when the plants were trans- 
ferred from 4 or 16 mM-CaCl, to 1 mM-CaCl, where upon a leakage of ions 
from the root was induced, (cf. table 7). The fact that the stream from the 
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root to the stem can be more concentrated than the medium is utilised 
sometimes as evidence for the idea that the entire ion uptake process is active. 
It is, however, necessary in this discussion to differentiate between the 
transpiration stream and the stream due to root pressure. 

A further argument against the idea that metabolic processes are operative 
in the transport of ions through the root by the transpiration stream is to 
be found in the fact that in the author’s experiments not only is the trans- 
piration stream diluted but also the dilution is the same for all tested 
concentrations (table 8). The influx coefficient, i, in the formula Cr=i: Cy 
is approximately 0.55 for both calcium and chloride. With an active process 
operative, it would not appear probable that equivalent concentrations of Ca 
and Cl should be found for all the tested medium-concentrations. 

It is difficult to see how this constant degree of influx could be related in 
any way to an active ion uptake process. The constant can, however, be 
explained by assuming that the transpiration stream enters the root by two 
paths — one path where the medium and the ions flow in unhindered and 
a second path where the Ca and Cl ions are stopped but water enters freely. 

When earlier workers used as an argument for their view that the trans- 
piration stream had no influence on ion uptake the fact that the medium does 
not enter the root in unchanged form, they did not consider the possibility 
that only a part of the transpiration stream might enter freely by mass flow 
into the root. In addition they did not differentiate between the apparent and 
true concentrations of the transpiration stream. The argument for a passive 
ion transport through the root along with the transpiration stream is to be 
found in earlier investigations. Thus Broyer (1950), using excised barley roots, 
found in a comparison between groups which had and had not received 
KBr the same concentration of labelled Br* in the bleeding sap. On the other 
hand roots receiving KBr prior to the experiment contained a considerably 
lower Br* amount than roots which had not been pre-treated. Broyer inter- 
preted this as evidence that ions can pass from medium to xylem through 
the symlast without the mediation of the vacuoles. These ions had crossed 
the root without becoming involved in metabolic accumulative processes. 

Similar observations were made by Hoagland (1944, p. 89) with Na* using 
intact barley plants. For a very short period (one or two hours) practically 
all the absorbed salt was retained by the roots, but following this brief 
initial phase, the content of radioactive ions continued to increase in the roots 
and simultaneously upward movement to the shoot occurred, while the root 
cells were still far below the point of salt saturation. 

The data presented here for the relation between the rate of water and 
the ion uptake does not support the view that the effect of transpiration 
is indirect. No absolute demonstration of a direct effect could be presented 
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Figure 18. Schematic representation of the 
relation between water transport and cal- 
cium uptake by roots, stems and leaves of 
intact pea-plants. The values are for the 
average rates for the first 24 hours after 
the 3-week-old plants were transferred 
from a ca. 0.5 mM-Ca medium to 4 mM- 
CaCl: solution. The Roman numbers depict 
the manner in which the ions have been 
transported from medium to root (Phases 
I, II and III resp.). Phase III is the part of 
the ion uptake dependent on water trans- 
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but the combined results constitute a strong indication that ions are drawn 
through the root by mass flow in the transpiration stream, Earlier workers 
have not always distinguished sharply between the ion uptake of the plant 
and the ion uptake to the root itself. The part transpiration plays in ion 
transport by plants can only be properly appreciated after the uptake by the 
root itself from the medium by other means has been differentiated. No basic 
experiments are to be found as support for the idea that the transpiration 
merely removes ions accumulated earlier; this idea has arisen from indirect 
conclusions. Since the presence in the root of an ion uptake governed by 
metabolic processes was established, the uptake of the entire plant through 
the root has come to be regarded as active, although no direct evidence for 
this hypothesis has been presented. 

A comparison of the relative sharing of the total Ca and Cl uptake between 
the different uptake phases may be of interest. Thus from figure 18 it appears 
that of the total uptake of Ca by the pea-plant from the medium, no 
less than 38, 61 and 76 °/o was through mass flow with a water transport 
of 20, 50, and 100 mg./water/g./hr. For chloride the portion due to mass 
flow was still larger, namely 62, 81 and 89 °/o. These values are for plants 
which were transferred from a nutrient solution containing ca. 0.5 mM-Ca 
and no Cl to 4mM-CaCl, for 24 hours. Thus mass flow plays a dominant 
role in the pea-plant with regard to the suppiying of Ca and CI. It seems 
probable that for more easily accumulated ions such as NO, the percentage 
share would not be so important. Schmidt’s (1936) diagram of the relative 
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ion uptake shows that even for such ions mass flow may play a part under 
certain conditions. 

As one example of how prevalent is the assumption that the ion uptake 
of the whole plant is an active process, dependent on metabolic processes 
in the root, and of how little importance is attached to the transpiration, 
reference can be made to Wanner’s (1948) oft-quoted experiment in which 
he determined the value of the temperature coefficient Qio for the uptake of 
anions and cations. The determination was made on intact, transpiring plants 
so that the increased ion-uptake at 25°relative to that at 15° probably did 
not depend only on increased accumulation in the root but also on an 
increased mass flow of ions through the root caused, amongst other things, 
by the decreased viscosity of the water. The amount of water transport was 
not determined. The temperature coefficients should of course have been 
determined for the individual phases of the uptake and not on the total uptake 
which is of a composite nature. 


4. The path of the transpiration stream 


The constancy of the influx coefficient is thought indicate the presence 
of two paths of transport; one path where the medium is admitted freely 
and another path where the ions are stopped but water flows on. 

The transpiration stream originates when water is volatilised in the 
cellulose walls of mesophyll cells and in the cuticle of the epidermis. 
Imbibition forces in these surfaces compete to regain the water, which is 
drawn from all parts of the plant until the water-retaining forces counteract 
any further removal (Sachs 1865, Renner 1915, Strugger 1943). Inter- 
cellularies and other cavities where the water is only held by weak binding 
forces are emptied first. The force is transmitted to the medium which is 
drawn to the shoot until the liquid is being held there with a force which 
is equal to the imbibition forces of the water-releasing surfaces less the 
friction-losses during passage through the plant. 

The transpiration stream can be regarded as being relatively unhindered 
in its passage by the colloidal structures of the cell-walls and protoplasm. 
The vacuolar sap is in an osmotic dynamic equilibrium with the surrounding 
plasma and cell-wall solution, the osmotic forces of the vacuolar sap being 
balanced by the wall-pressure etc. A water stream can therefore be drawn 
from the soil solution through the walls, cytoplasm and vacuoles of the root- 
cells. The only barrier for the water stream in the root is the cutinised and 
suberinised formations in the older epidermis and endodermis as well as in 
the older xylem vessels. The resistance to the passage of the water stream 
constituted by the colloidal microstructure in different regions of the root- 
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cells is certainly significant. Evidence for this is provided by the diminished 
water transport with increasing water viscosity when the root temperature 
is lowered (figure 4). An indication of the relative amounts of the transpira- 
tion stream which pass through the wall, cytoplasm and vacuole respectively 
in its passage through the root is not available; neither is it known how large 
a resistance to the passage of water is offered by the different structures. 

As possibilities for the two paths of transport, a first alternative might 
be cells in which the cell-walls allow a passage of water and ions while 
the cytoplasm and vacuole only allow a passive passage of water. A second 
alternative is that both the cellulose cell-walls and the cytoplasmic colloids 
allow the passage of ions and water while the vacuoles only admit water 
passively. 

If the barrier is to be localised to a group of cells the question arises 
whether the hindrance to ion transport is confined to epidermal cells or 
whether cells lying further in, such as the endodermis, are operative in this 
respect. The view has been expressed that the endodermis cell-walls might 
not permit the passage of either water or ions. The possibility can be 
theoretically envisaged that solution passes through the cytoplasm while only 
water goes through the endodermis vacuoles. 

Further alternative paths can be imagined without consideration of the 
structual differentiation of the cells, e.g. cortex contra stele. The medium- 
solution might pass up the cortex while only water could be drawn passively 
to the stele. If this were the case ions in the xylem would arrive thence 
through a secretion process. 

The idea that younger parts of the root can admit ions and water while 
older portions admit only water is not in agreement with experiment. Brewig 
(1936) and Sierp and Brewig (1936) have shown that with increasing rate 
of transpiration water was admitted to the root in zones which were further 
and further removed from the root-tip. With reference to the experiment here 
presented, the demonstration that the true concentration of the transpiration 
stream is independent of the rate of water transport would appear to mean 
that the constant partition of ions between medium and transpiration stream 
is not to be found in differences between the different root-zones. 

The conception of two paths of transport means that when the medium 
enters by mass flow and is confronted by a bounding surface through which 
only water may pass, a concentration of the solution immediately before 
the ion-barrier must be an unavoidable consequence. Thus if the barrier 
was situated within the tissue, e.g. at the endodermis, the consequence would 
have been a net absorption of ions by the root. Under such circumstances 
it would seem unlikely that the arrested ions should rediffuse to the medium; 
rather would they be utilised on paths of transport open to ions. 
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The method of reasoning followed leads by elimination to the final 
hypothesis that the ion-barrier is localised to the epidermis, where hindered 
ions are mostly returned by diffusion to the medium. The additional assump- 
tion would then not be necessary that thé epidermis possesses some specific 
property for the differentiation of ions; the importance of the epidermis is 
due to its position rather than any special property. 

It is generally accepted that ions can pass freely through the cellwalls and 
this is an assumption made in theories proposed for active uptake, (Lunde- 
gärdh 1950, Robertson 1951): In a series of basic experiments Strugger (1937 
—38, 1939, 1943) and Rouschal and Strugger (1940) have directed special 
interest towards the transport of dyes in the cell-walls. The criticism has been 
levelled against Strugger’s conclusions that the basic pigments used were 
adsorbed on the plasma-surfaces and could therefore not penetrate. Strug- 
ger (1940) has, however, also worked with highly-diffusible acidic dyes 
which were used to measure the rate of streaming in the veins of leaves. 
Under all conditions Strugger’s experiments showed that substances could 
be drawn by the transpiration stream along cell-walls. It is difficult in mature 
cells to differentiate the cell-wall from the cytoplasm, so that Strugger’s 
investigations do not exclude transport in the cytoplasm also. The dyes used 
had not penetrated the tonoplasts to any degree and could not be detected 
in the vacuoles. The oft-reported high diffusion-resistance of the plasma 
would appear to be localised to passage from cytoplasm to vacuole. 


The fine-structure of the cell-wall cellulose, described by Frey-Wyssling 
(1937, 1953), indicates the presence of a continuous system of intermicellar 
spaces (ca. 10 A) and capillaries (ca. 100 A), through which ions should be 
able to pass. Lundegardh (1943, 1950) has queried whether the capacity 
of the cell-wall is sufficient for the transpiration stream. On the other hand, 
the calculations made by Preston (1952) on the stems of woody plants where 
the rate of streaming could be measured indicated that only 1.6 °/o of the 
xylem elements were utilised for transport. The area of the cell-walls in 
a cross-section of young xylem tissues is thought to exceed this percentage. 
Also the experiment of Preston (1952, p. 313 fig. 15), in which all the vessels 
of the stem were severed by making two horizontal incisions from opposite 
sides in different planes, would seem to prove that at least for the inter- 
mediate portion between the two cuts water moves through the cell-walls. 
Several other workers, including Crafts (1933) assume that transport through 
the cell-walls is possible. Charles (1953) has recently reported differences 
in the rate of movement of acidic and basic substances in the leaf-petiole, 


which are regarded by the present writer to point towards cell-wall transport 
in the xylem. 
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Whether solutions are able to move freely in the plasma is more uncertain. 
This question is partially connected with the problem of where the semi- 
permeable and ion-accumulating properties of the plasma are situated. 
Generally this property has been localised to the inner membrane or tonoplast 
(see Robertson 1951) but Lundegärdh on the other hand regards the plasma- 
lemma as being the accumulator of ions, constructed as a well-defined mono- 
or multi-molecular layer with oriented molecules. The experiments of Hope 
and Stevens (1952) on the »apparent free space» into which ions may 
readily diffuse would indicate that the plasma is readily passable by ions. 
The relationship found by Brooks (1940), for Nitella cells, where bromide 
ions were rapidly taken up to the cytoplasm from which they slowly moved 
to the vacuoles, is support for the idea that the tonoplast has the accumulating 
role. Lundegardh’s (1940) assumption of the function of the plasmalemma 
is based on the view that the ion-contents of the cytoplasm and the vacuoles 
are the same. In the absence of further knowledge it seems best at this stage 
to assume that the cell-walls and the cytoplasm constitute reasonable paths 
for the movement of solutions by mass flow. 


If the accumulation mechanism is thus localised to the tonoplast, which 
constitutes a semipermeable membrane governed and maintained by meta- 
bolic agencies, it follows that charged ions cannot passively pass through to 
the vacuole. 


The above discussion can be summarised as follows. Sufficient experimental 
evidence is not yet available to allow a definite decision to be reached about 
the paths which the solution stream and the water-stream take through the 
root. In the absence of further data the following working hypothesis is 
proposed. The transpiration stream draws water through cell-walls, cyto- 
plasm and vacuoles. Charged ions in solution pass by mass flow through 
cell-walls and cytoplasm but ions cannot be passively transported through 
the vacuole. Ion are detained at the medium-root surface, or more precisely 
at the vacuoles of the epidermis, and for the most part return to the nutrient 
solution. What this back-diffusion signifies for roots in soil remains to be 
seen; one might expect local increases in medium-concentration with a 
subsequent increase in the concentration of the solution entering the cell-walls 
and plasma by mass flow. 


The view that ions may be partially transported through the root to the 
shoot in cell-walls and cytoplasm by mass flow is not far removed in its 
essentials from the view expressed by Arisz (1947—48) and Broyer (1951), 
among others, that the symplast is the transporting agency. Ions may be 
present to a large extent in the cytoplasm because of adsorption. The differ- 
ence between the two views lies in the fact that Arisz and Broyer assume 
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that metabolic energy is required for the transport whereas the author 
believes that passive mass-flow is sufficient to explain the ionic movement. 
The symplast-hypothesis would appear to require the accumulation of ions 
by both the plasmalemma and the tonoplast (cf Hoagland 1944; Broyer 1950). 


Broyer and Hoagland (1943) found in an experiment in which the medium 
contained a high concentration of sodium chloride that the barley roots used 
were injured. They therefore suggest »the possibility that a wick-like action 
in salt movement may have a greater influence than metabolic factors 
when root injury becomes marked». When root-injury occurs to any great 
extent, relationships approaching those for cuttings result. The medium 
ought to stream up the shoot in unchanged form. 


In this connection reference can be made to Kramer’s (1940) experiments 
with sunflower and tomato plants where, by bubbling CO, through the 
medium, the rate of transpiration was decreased by 34 to 52 °/o. Exudation 
from root-system attached to a vacuum pump was diminished by CO, treat- 
ment by 32 to 65 °/o. Nitrogen, on the other hand, had only a slight effect 
on the water transport. Similar reductions in the water transport following 
CO, treatment of the roots has also been shown for wheat and rice (Chang 
and Loomis 1945). The reduction is believed to depend on CO,-poisoning 
rather than O,-deficiency. It seems probable that the CO,-effect depends 
on physical changes in the cytoplasm or the plasma membranes whereupon 
the resistance to water transport is increased (Kramer 1949). Future research 
must solve whether the poisoning effect causes a cessation of the water- 
stream through the vacuole and whether the residual stream through the 
cell-walls and cytoplasm represents absorption of the medium in unchanged 
form through mass flow so that an influx-coefficient of unity is obtained. 
The value of the influx-coefficient for intact pea-plants signifies that ca. 45 °/o 
of the cohesion-stream moves through the vacuoles. This value is equal to 
the portion of the water transport stopped by CO,-treatment. 


The constancy of the influx coefficient can also be explained theoretically 
as being due to a physicochemical distribution of the ions between two 
phases, namely the external medium and the solution in cell-walls and cyto- 
plasm. The influx coefficient shows a strong similarity to the partition 
coefficient in Nernst’s partition law. The influx coefficient would then be 
governed by the difference in thermodynamical activity of the particular 
ion-species studied in the two bulk phases, i.e. the outer medium and the 
cell-wall/plasma solution. The experimental results in this study do not throw 
light on which mechanism is operative. Possibly the fact that the influx 
coefficient has the same value for Ca and Cl indicates that a purely 
mechanical obstruction of diffusion as proposed in the first explanation is 
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operative. If there was a distribution according to the partition law one 
would expect to obtain different values for the coefficient for different ions. 


5. lon uptake by individual cells 


From the results of his experiments with dyes Strugger (1943, p. 191) 
postulated that mineral salts also pass through cell-walls »ohne Riicksicht auf 
die Permeabilitätseigenschaften der lebenden Protoplasten». Strugger con- 
sidered that every protoplast is able to obtain its requirements of water and 
mineral elements from the surrounding wall-fluid. Strugger has, however, 
not worked with intact plants but only with excised shoots and leaves 
(cuttings). Hülsbruch (1945) failed in an attempt to reproduce Strugger’s 
results using roots, because strong adsorption of the dyes was: a disturbing 
factor. The root-cells were injured by the use of higher concentrations. 
Hülsbruch’s experiments were mainly performed with root-segments or 
excised root-systems. Greater difficulties are met in attempting to follow by 
use of the »Luminezenz-Mikroskop» the entry of dyes into the roots of intact 
plants. Thus Hülsbruch has mainly studied Phases I and II, providing that 
the uptake of such dyes is made in a manner corresponding to ion uptake. 
The experiments presented here with intact plants lead, however, to the 
conclusion that the ion uptake of the whole plant, including that to the 
root itself, proceeds in a similar manner to that by which Strugger explained 
his experiments with dyes. 

According to this point of view, an individual, highly-specialised cell of 
a phanerogam takes up its requirement of salts from the surrounding 
medium in cell-walls and cytoplasm in exactly the same way as the unicellular 
green alga immersed in water. Every cell in the plant accumulates ions 
directly from the solution or utilises ions which have been adsorbed on or 
in the cytoplasm. Just as the root-cells actively accumulate ions, so also each 
cell of the stem and leaves accumulates individually its requirement of 
nutrient salts from the surrounding solution. This conception, which is 
based on the assumption of the occurence of mass flow should lead in several 
cases to a simplification of our understanding of ion uptake and transport 
by the plant, as well as to clarify osmotic phenomena within the plant. 

The root has previously generally been regarded as responsible not only 
for its own provision of mineral salts but also for that of the whole plant. 
The root was believed to take ions up actively from the medium and trans- 
port them from cell-vacuole to cell-vacuole until finally »secreted» into 
the xylem. Other viewpoints have been based on transport through the 
symplast. This transport problem through the root has been the object of 
diverse speculations which will be discussed in the next section on bleeding. 
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Active accumulation of ions proceeds from the root to every individual 
cell within the plant; after transport to stem and leaves ions are accumulated 
also in these organs. This latter active uptake in stem and leaves is not 
always taken into account. Ion uptake in leaves has been studied by Arisz 
(1947—48) and Steemann Nielsen (1951). 

Individual cells in the root accumulate ions until a steady state is attained 
with the ions in the surrounding wall- and plasma-fluid. The rapid change 
in the Ca-level of the root with changes, especially lowering, of the concentra- 
tion of the medium is easily understood, if the medium is drawn in round 
each of the individual cells. Similar relationships probably hold in stem 
and leaves also. Through loss of water from aerial organs, however, the 
solution in the transpiring surfaces — such as the cell-wall and plasma of 
the mesophyll cells — is concentrated. The higher calcium-content in these 
organs can be explained by this concentration. The higher content of stem 
and leaves does not necessarily depend on specially high accumulatory 
properties of the cells of these organs, but. can rather be explained by a 
displacement of the overall steady state. Of course, combination may also 
come into the picture here, especially for calcium because of the ready 
precipitation of calcium oxalate. 

Haas and Reed (1927) demonstrated an increased salt-content with increasing 
transpiration in Citrus leaves. The higher salt-level was due almost entirely to 
free calcium ions. A higher salt content appeared to be a protection against 
drying-out of the leaves. When the transpiration stream moves rapidly to 
transpiring surfaces in the plant, bringing with it ions from the medium, 
the salt concentration may rise sharply near the transpiring surfaces because 
there is insufficient time for the ions to be accumulated or removed in any 
other way from the cell- and plasma-fluid. This concentration also con- 
stitutes a protecting influence against excessive transpiration because of the 
depressed vapour pressure of the solution. Changes in imbibition-forces in 
cell-walls and plasma should be investigated in more detail since an essential 
protection against high transpiration may also occur there. 

It is certain that the leaf-vacuoles can also be saturated. There is possibly 
a special relationship for calcium, because there is no appreciable movement 
of calcium back through the phloem (see Arisz 1952). For most other ions, 
however, it is thought that such a movement proceeds to a large extent 
once the steady state has been reached. 

After saturation has occurred in the plant the apparent ion uptake of the 
whole plant is determined by its rate of growth, so that only cells which 
are elongating or dividing take up more ions. This has been demonstrated for 
phosphate by Alberda (1948) and Helder (1952). 

The data presented here only refer to calcium and chloride uptake. In- 
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vestigations using other ion-species may give divergent results. It is relevant 
to the present study, however, to consider the selectivity of ion uptake by 
the plant, since this has been used as support for the view that the total 
ion uptake of the plant from the medium is active (Baumeister 1952). The 
selectivity is usually ascribed to the epidermis. Consider instead that soluble 
substances in the soil solution or medium are drawn by mass flow into the 
root and up to the shoot. The selective ion uptake would then require to 
be a property of the tonoplast of the individual cell. Naturally a minor portion 
of the ions will be adsorbed in the cell-walls and cytoplasm and another 
portion will be free in the cell-wall- and plasma-solution. Ions which are not 
accumulated are circulated in the plant until they are finally released to the 
medium. It would be interesting in this connection to study those species of 
mangrove used by Walter and Steiner (1936) where the apparent uptake of 
chloride was extremely small despite the fact that the roots were submersed 
in sea water. Closely-related to or identical with selective ion uptake is the 
problem of antagonism, in which ion species compete for adsorption points 
or for carriage in to the vacuole by active accumulation. If the hypothesis of 
mass-flow in cell-walls and cytoplasm is true, the localisation of this process 
should also be shifted from the root-surface to each individual cell. 


6. The bleeding phenomenon 


Simultaneously with tne transport of ions and water by mass flow of 
the transpiration stream, there proceeds at least under certain environmental 
conditions, a transport of ions and water which is dependent on metabolic 
activities in the root, namely transport due to root pressure. With excised 
roots this process is observable as »bleeding». The present investigation has 
not been concerned experimentally with the bleeding phenomenon. It is, 
however, necessary to establish whether, from a theoretical viewpoint, there 
is any possibility that two independent paths of transport of comparable 
importance could have been operative. The earlier-expressed idea that the 
transpiration-stream only transported further ions which had previously 
been actively absorbed required only one path for the passage of ions 
through the root. For reviews of the bleeding phenomenon refer to Crafts 
et al. (1949), Kramer (1949) and Arisz et al. (1951). 

The hypothesis of Crafts and Broyer (1938) for the transpcrt of ions from the 
medium to the xylem is based on differences in oxygen tension in the cortex and the 
stele. The cortex was assumed to be well supplied of oxygen while the stele was 
poorly-supplied. The alleged good provision of oxygen in the cortex was thought to 
ensure a high ion-accumulation in this region of the root. The ions taken up were 


believed to be transported from cell to cell in the symplast passing through the 
endodermis to the stele. Here the oxygen deficiency resulted in the ions being exuded 
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to the xylem vessels. Hoagland (1944, p. 92) has interpreted this as if it would not 
first be necessary for the ions to be accumulated. However, the hypothesis of Crafts 
and Broyer rests upon the assumption of an active uptake before transport, which 
obviously assumes that the accumulation takes place in the plasmalemma. Lunde- 
gardh (1945) considered that there was no evidence to indicate that the parenchyma- 
cells of the stele live under anaerobic conditions, but in a later publication (1950, 
p. 150) he proposed that the oxygen tension of the stele, »especially in the higher 
regions behind the deliberately lignified endodermis, is very iow». 

In his latest study of bleeding Lundegärdh (1950, p. 111) has reverted to the old 
theory of Sachs of the cell as the elementary organism, whereby ihe ions on their 
way through the root are actively accumulated on the outer side of each cell and 
are later exuded on the inner side. This ionic movement is believed to take place 
from cell to cell through all the cell-layers of the root external to the xylem vessels. 
It is also necessary for Lundegärdh to regard the epidermis as having a specific 
function: »The ontogenetical determination of the epidermis as a barrier against 
losses of adsorbed salts is probably a factor of great physiological significance». 
At the same time the »vascular epithelium» is regarded to be capable of »salt 
excretion». Biddulph (1951) also writes of a cell-to-cell transfer beginning in the 
epidermis and continuing across the cortex to the cells surrounding the xylem into 
which the ions are secreted. 

The possibility of differences in permeability of the inner and outer sides of the 
cells of the roots, resulting in the secretion of water into the xylem has been quite 
often discussed, most recently by Frey-Wyssling (1929) and Arnold (1952). Ursprung 
(1929) considered that the endodermis cells and the parenchyma cells of the xylem 
have a greater suction force on the inner than the outer side and that »the endo- 
dermis operates like a suction pump and reduction valve and the parenchyma of the 
bleeding root acts like a force pump». Other investigators have considered that 
electroosmosis is the basic phenomenon underlying root pressure. 

Arisz et al. (1951) have succeeded by the use of a well-developed experimental 
method in confirming the validity of Sabinin’s (1925) equation b=k (P,—P,). This 
expresses the relation that the exudation (b) is proportional to the osmotic con- 
centration difference between exudation sap (P,) and medium (P,). While bleeding 
is thus conditioned by osmotic factors, it is dependent for its continuance on meta- 
bolic activity. Continued bleeding requires the secretion of salts into the vessels, a 
process which is not thought to occur without being coupled to earlier active accu- 
mulation of ions. 

Eaton’s (1943) earlier experiment with tomato-plants showed that the magnitude 
of the bleeding was directly proportional to the difference in osmotic value between 
the bleeding-sap and the medium. This is wholly in agreement with Sabinin’s equa- 
tion, with which Eaton was obviously not acquainted. The curves of Arisz et al. for 
the time-course of the bleeding agree entirely with those of Eaton. Eaton had, how- 
ever, not realised that metabolism was also involved in maintaining by secretion the 
higher osmotic value of the bleeding sap. 


A transpiration stream regarded as a passive mass flow of water and ions 
from medium to shoot is hardly compatible with the root-picture based on the 
present explanation of the bleeding process. Difficulties are met in imagining 
a multicellular osmotically-active tissue layer which operates as an ion pump 
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generating the root pressure and at the same time admits a solution by mass 
flow. 


A working-hypothesis of the bleeding phenomen is presented below: it 
seems to satisfy the author’s experimental results as well as published experi- 
ments on bleeding. The primary assumption made is that with development 
of the interconnecting vessel-elements in the xylem with rupturing of the 
transverse upper wall of a xylem cell, the cell’s remaining plasma-surfaces 
do not die suddenly but continue to function for some time. The breakage 
can be thought to occur abruptly, because as the cellulose-wall is gradually 
dissolved the plasma cannot withstand the vacuole’s turgor pressure alone 
and is punctured. It is sufficient with normal rates of growth that the activity 
of the plasma of the punctured cell is maintained for the short time which 
elapses before the next cell in the xylem row is punctured. 


In this way the root pressure of the xylem vessels is maintained by the 
last-punctured cell (or cells, if both upper and lower transverse walls are rup- 
tured) which functions metabolically like the other cells of the root. The 
plasma — probably the inner membrane, the tonoplast — serves as a semi- 
permeable membrane, governed and maintained by metabolic activity and is 
thereby functioning like a simple osmotic cell. In this way the difficulty of 
postulating layer upon layer of semipermeable membranes is avoided. The 
instantaneous reaction to a changed osmotic value of the medium (Arisz et 
al. 1951) strengthens the assumption that a single osmotic cell is the func- 
tional unit. 


Further, the test-tube-shaped cells accumulate ions (and also organic sub- 
stances) in the same way as other cells, and this constitutes another meta- 
bolically-governed function of the osmotic cell. In this »test-tube» cell the 
wall pressure is replaced by a static pressure derived from the counter- 
pressure of the column of water, as well as by the resistance to streaming. 
With intact transpiring plants it is even possible that negative pressures could 
occur. Lundegardh (1945) has, starting from quite another viewpoint, postu- 
lated that the hydrostatic pressure of the bleeding sap is identical with the 
turgor pressure of the exuding parenchyma cells. 

In the working-hypothesis presented above, the earlier postulate of secre- 
tion to the xylem is replaced by the ion accumulation of the cell. Various inves- 
tigators have adopted a sceptical attitude toward the postulated secretion, 
which has never been plausibly explained. »This process of secretion, if it 
may be so called, is one of the least known of all processes in the realm of 
mineral translocation» (Biddulph 1951). The idea that root pressure is 
generated by individual cells is in harmony with many processes. Kramer 
(1949, p. 195) writes: »There is considerable evidence that the active absorp- 
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tion mechanism of a root system behaves much like the absorption mechan- 
ism of individual cells.» 

This view of root pressure and active ion transport allows that the transpira- 
tion stream can simultaneously pass through the cell-walls and plasma- 
layers of the root in both the cortex and the stele. The xylem cells which 
generate the root pressure are also in the path of this stream, from which 
they accumulate ions and passively take in water. 

In the author’s experiments the ion transport due to the root pressure can- 
not be measured with certainty. In the intact plant the water from bleeding 
is removed by transpiration and in the present results the water taken up 
through root pressure is accounted for as part of the water-transport to the 
root. Medium-solution and water should be drawn by the bleeding-stream 
through the root to the »osmotically functional cells» in the xylem, in the 
same way as for the transpiration stream. Ions are accumulated from the 
mass-flow-stream to be later transported further by the bleeding-stream to the 
shoot. If the bleeding-stream has a higher concentration than the transpira- 
tion stream, the latter should be diluted to a proportional degree. That por- 
tion of the passage from medium to root which is performed by »bleeding 
mass flow» may be postulated to be indistinguishable from mass flow within 
the transpiration stream. The bleeding in this respect only affects the paths 
of transport of the ions. This is true provided the transpiration stream and 
the bleeding stream follow different paths, e.g. the transpiration stream in 
the cell-walls and plasma and the root-pressure stream in the open vessels. 
Crafts and Broyer (1938, p. 530) propose similarly that the medium is drawn 
by mass flow through the root-tissues to the xylem because of an osmotic gra- 
dient which arises when ions in the stele leak out according to the symplast- 
hypothesis. »Seeking for the pathway of least resistance, this solution follows 
the walls to the xylem vessels, where it accumulates and moves up through 
the plant.» 

As an example of the magnitude of the bleeding, it may be mentioned that 
the bleeding from young wheat plants has about the same intensity as tran- 
spiration in darkness and humid air and amounts to about 15—20 °/o of the 
maximal transpiration with illumination and circulating air (Lundegärdh 
1943). 

The xylem-cells could, however, obtain an excess of ions by diffusion from 
the medium to the root in addition to those drawn in through mass flow. The 
degree to which such ions, (which have been taken up by diffusion with sub- 
sequent ion exchange and surface migration), are transported from the root 
to the shoot should lead to there being portions of the ion uptake to the 
shoot which are dependent and independent on the water transport. It is prob- 
ably this part of the root-pressure transport which can be observed in the 
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consistent, small portion of the ion uptake to the shoot independent of water 
transport at all rates of water transport in all the experimental series. 
Probably it would be possible to demonstrate this portion of the root-pressure 
transport more definitely if experiments were conducted with ions more 
easily accumulated than Ca and Cl. 


That the stream from root to stem can be more concentrated than the 
medium has been shown among others by Broyer and Hoagland (1943). Low 
salt barley plants had, after 12 hours in external culture in 7.5 mM-KCl, a 
stream to the shoot of 9.1 mM-K and 9.2 mM-Br under low humidity and 
light, and 64 mM-K, 49 mM-Br under high humidity and light. The guttation 
fluid contained 11.5 mM-Br. 


Entering ions can thus be expected to reach the xylem through diffusion 
into the »apparent free space» of the root or by surface migration, but can 
also be transported actively through the root to some extent. A polar ionic 
transport can proceed from cell to cell so long as there is a concentration dif- 
ference in the cell-wall- and cytoplasm-fluid in different regions of the root. 
Thus if an epidermal cell has on one side a medium of higher concentration 
than the wall-plasma solution on the inner cell-wall, ions will be taken up by 
the outer side of the vacuole and released on the inner side (cf. Lundegardh 
1945). Polar differences in the accumulating-properties of the membranes 
do not need to be postulated. 

The explanation of root pressure given here is in good agreement with 
Broyer’s experiment (1950, fig. 3) with labelled Br* ions in which the passage 
through the root and subsequent exudation were studied. The exudation pro- 
ceeded independently of the uptake in the root-cell vacuoles. The exuded ions 
passed from the medium to the xylem without being accumulated by vacuoles 
in the process. The result that those of Broyer’s plants which had not had 
access to Br during growth, and were thus unsaturated for this ion, had the 
same concentration of Br in the root-sap and the exudate is a strong argument 
for the idea that ihe »bleeding secretion» corresponds completely to ion 
accumulation by individual cells. 

In the proposed hypothesis no special role has been given to the endodermis. 
Earlier workers have sometimes attached great weight to the anatomical 
structure of the endodermis which was believed to mean that water could not 
pass the anticlinal cell-walls. (Crafts and Broyer 1938; Arisz et al. 1951; 
Arnold 1952.) An experimental method to confirm the physiological function 
of the endodermis in water or ion transport has, however, still to be worked 
out. It is not established whether the Casparian strips in the young endoder- 
mis cells in the zone of the root responsible for active bleeding really do 
impede the water-stream, (Lundegardh 1950). In addition the cells opposite 
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the xylem points, known as passage cells, usually remain thinwalled and 
appear to afford a path for free movement of water and solutes. Breaks in the 
endodermis, permitting the entrance of water and solutes, probably are also 
provided by root initials, which usually have developed by the time the 
endodermis has matured (Steward, Prevot and Harrison 1942). Besides it is 
thought that a mass flow of solution through the endodermis cytoplasm 
should be possible on the same scale as was earlier discussed for cells in 
general. The physiological importance of the endodermis seems to have been 
overestimated (Kramer 1949; Lundegärdh 1950). 

Zones of uptake in the root. Water and ions have earlier usually been re- 
garded to be taken up independently of one another partly in different zones 
of the root. Sierp and Brewig (1936) and Brewig (1936) have shown that with 
an increased rate of water transport the uptake zone for water increases in 
extent; with strongly transpiring plants considerable quantities of water enter 
as far as 10 cm. from the root-tip, using Vicia faba. Older portions of the 
root obviously offer a greater resistance to water transport, a resistance which 
can, however, be overcome when the imbibition force from the shoot is in- 
creased. Kramer (1946, 1949) has shown that water can be taken up through 
the suberized portions of the roots although growth had ceased. 

The zones of uptake for salts are dependent on the method of uptake. 
Through diffusion and subsequent exchange adsorption, relatively large por- 
tions of the roots should be reached (Crider 1933). The uptake zone for accu- 
mulation after the displacement of the steady state following a change of 
medium will be the same as for Phase I. After the steady state has been 
reached the uptake of ions to the root itself will be limited to those zones 
which are elongating or dividing. It is the latter process which is in general 
measured and which has led to the ion uptake of the root being localised to 
a zone immediately above the root-tip (Steward et al. 1942). 

With transpiring intact pea-plants the transpiration-drawn mass flow is an 
essential factor in the ion transport, which renders it highly probable that a 
larger portion of the root participates than has appeared from experiments 
with excised root-systems. Ions can be expected to enter in all zones which 
admit water. Kramer has reviewed a number of earlier studies, which showed 
that ions may accompany the water-stream in older roots and root-zones 
(e.g. Crider 1933; Nightingale 1935). Recently Kramer and Wiebe (1952) have 
also shown that not only the root-hair zone but also other parts of the root 
took up P*? for further transport to the shoot. 
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V. Summary 


1. The ion uptake at different rates of transpiration has been compared 
using three-week-old pea-plants in a one-salt test-solution of CaCl,. An in- 
creased calcium and chloride uptake with increased water transport was 
established. 

2. The rate of water transport was varied in four ways, namely through 
1. varying relative humidity, 2. darkness-light, 3. varying root-temperature 
4. using of truncated plants. The ion uptake of the plant was distinctly 
related to the degree of water transport, irrespective of the manner used to 
vary the latter. A lowering of the root-temperature, however, lowered the 
uptake of ions by the root itself, but did not affect transport of ions from the 
medium to the shoot. The ion uptake in excised root-systems had the same 
value as that deduced theoretically for intact plants having zero water 
transport. 

3. The ion uptake of the plant increased with increasing medium concen- 
tration. A characteristic relation between the passage of water- and ions 
through the root was obtained for all concentrations of the medium (1, 4, 5, 
and 16 mM-CaQl,). 

4. The total ion uptake by the plant was analysed into the distribution 
in root, stem and leaves. The roots were in certain series, but not in all, rather 
strongly dependent on water transport for their supply of ions; the ion uptake 
by the stem and leaves is directly proportional to the water transport with a 
very small additive constant. In transpiring pea-plants the portion of the cal- 
cium- and chloride-uptake which is related to the water transport con- 
stitutes the principle part of the uptake. 

5. The ion uptake by the root itself has been subdivided into different 
phases. A rapid initial absorption (Phase I), occurring after a change of the 
medium concentration, is regarded as transport by diffusion with exchange 
of ions on cytoplasmic and wall-surfaces. Calcium is adsorbed to a high 
degree, while chloride is adsorbed to a negligible extent. The »apparent free 
space» of the root, to which ions from the medium may diffuse freely has 
been calculated to be 8 °/o of the total root-volume. Phase II, accumulation to 
the vacuoles of the root-cells, proceeded at a diminishing rate until a »steady 
state» had been reached with the medium. On transferring to a less concen- 
trated medium, adsorbed and accumulated ions were released from the root 
and largely transported to the shoot. With regard to the uptake by the root 
itself there are finally those ions which are transported in by the transpira- 
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tion stream (Phase III) and which are later either adsorbed or accumulated 
within the root. 

6. The apparent concentration of the transpiration stream during its pass- 
age from medium to root can be diluted or concentrated relative to the 
medium, depending on the previous history of the plants and the composi- 
tion of the medium, (by which means the relative intensities of Phases I and 
II of the uptake by the root itself are varied). The apparent concentration of 
the transpiration stream diminishes with time. The stream is diluted during 
passage through the root and the stem, because the tissues through which it 
flows absorb ions. 

7. The true concentration of the transpiration stream, in which ions which 
enter the root by diffusion with subsequent exchange adsorption and accu- 
mulation are not included, is consistently lower than the medium concentra- 
tion both for calcium and chioride. The true concentration of the transpira- 
tion stream is independent of the rate of water transport but dependent on 
the concentration of the medium. The ratio of the true concentration of the 
transpiration stream to the concentration of the medium, the influx coeffi- 
cient, has the same value for all the experiments performed at all tested con- 
centrations. The same value was obtained for the influx coefficients of cal- 
cium and chloride. 

8. In the discussion the author reviews a number of earlier studies where 
the relation between water and ion transport through the root could not be 
demonstrated. These older experiments are all shown to have been performed 
without controlled environmental conditions and with the use of long experi- 
mental times. Several more recent demonsirations show that the transpira- 
tion stream can influence ion uptake. In those cases where a direct propor- 
tionality with no additive constant between uptake of water and ions has 
been established, the roots had already reached a steady state with the 
medium before the experiment. Plants transferred to a more concentrated 
solution take up ions even in the absence of water transport. The relative 
sizes of Phases I and II are different for different ons 

9. The experimental results show that the transpiration stream draws 
solute from the medium through to the shoot. The medium is assumed. to be 
drawn passively through cell-walls and cytoplacm, while ıons cannot pas- 
sively penetrate the vacuoles. The constancy of the influx coefficient is re- 
garded to be a consequence of the portion of the -anspiration-stream flowing 
through the epidermal vacuoles being deprived of ions (which cannot pene- 
trate), wh le the portion flowing through the «i t.c'inal walls of the epidermis 
and the cytoplasmic layer is admiited unchanged. The icns which are stopped 


before the epidermal vacuoles are assumed to be mostly returned to the 
medium. 
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10. If the conception of transport by mass flow is correct, every cell in 
the plant accumulates individually ions from the surrounding cell-wall/cyto- 
plasm solution by analogous process to the unicellular alga. 

11. Finally a working hypothesis for the root pressure phenomenon is 
presented, allowing for the passage of a solution by mass-flow from medium 
to shoot simultaneously with the development in the xylem of a »bleeding» 
stream dependent on metabolic activity. 
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The aim of the present investigation was to separate and show the effect 
of growth-regulating substances in roots of wheat, and especially to find out 
if there are root growth-regulating substances with actions differing from 
that of auxin, particularly of the anti-auxin type. 

Material. Wheat plants were grown in a nutrient solution at 22° C. The 
roots were harvested 10 to 12 days after germination and immediately 
extracted; 60 to 200 g. of roots (fresh weight) were used for each extract. 

Preparation of extracts. After washing the roots were crushed in a little 
ether and allowed to stand in ether for 48 hours at 5° C in the dark. About 
500 ml. of peroxide-free ether were used per 100 g. of roots. Finally the 
roots were pressed and washed with several portions of ether in a Biichner 
funnel. As it was found impossible to carry out the following chromatography 
without a preliminary rough separation, only the acid fraction of the extracts 
was examined after preparation by repeated shaking with NaHCO,-solution 
(pH c. 8.5), acidifying this solution with HCl till pH 3 to 4, and shaking 
again with ether. The ether was completely distilled off under reduced 
pressure in a nitrogen atmosphere. When further preparation was not im- 
mediately undertaken, in order to avoid oxidation as far as possible the 
residue was stored in the dark at 5° C in a nitrogen atmosphere until the 
following day, when it was taken up in ether till a final volume of 1.5 ml. 

Method of separation. The different compounds contained in the extracts 
were separated by means of paper chromatography, which was carried out 
at 22° C on Munktell no. OB paper, with n-butanol saturated with water and 
ammonia, as described by Luckwill (1), and with descending solvents. 
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A total volume of 200 pl. of the extract was placed on the paper in three 
spots, and after a few hours’ saturation of the paper in the chamber, the 
chromatograms were run for 3 ‘/, to 5 hours until a length of 20 to 26 cm. 
After drying in a vacuum the strip of paper was cut transversely into zones 
2 cm. long. The chromatograms were run and otherwise handled in darkness 
or red light. For further description of the use of paper chromatography for 
growth substances see Bennet-Clark, Tambiah and Kefford (2) and Jerchel 
and Müller (3). The author wishes to thank Professor Bennet-Clark for kind 
advices regarding chromatography and the preparation of the extracts for 
this purpose. 

Test methods. The extracts were tested 1) on shoots, with Avena coleop- 
tiles, cylinder test, by a modification and combination of coleoptile test 
methods described by Bonner (4), Thimann (5) and Schneider (5 and 6), 
and 2) on roots of wheat, by a method worked out at this institute and slightly 
altered in this investigation. 


1). Avena seedlings were grown in quartz or Vermiculite at 25° C and 85 to 90 
per cent relative humidity. They were irradiated with red light during the first 
12 hours after emergence over the quartz or Vermiculite level. After 72 hours, when 
they were about 2 cm. high, a section 8 mm. long was cut from each coleoptile 4 mm. 
from the top. Together with 10 to 15 such sections each segment of the chromato- 
gram paper was placed in a tube containing 2 ml. of 3 per cent sucrose solution. 
The coleoptile pieces were left to grow in darkness at 22° C with a faint stream of 
air bubbling through the tubes, and after 22 hours their lengths were measured by 
means of a micrometer scale with the accuracy of !/6 mm. The difference between 
the tests and the control growth can be determined with a maximal error of +10 
per cent. 

2). In order to test the extracts on roots too, each zone of the chromatogram 
was placed in a 50 ml. Erlenmeyer flask containing 4 ml. of an autoclaved nutrient 
solution (KH,PO, 3.10—4 M, KNO, 2.10? M, Ca(NO,), 4.10-* M, MgSO, 2.107? M, 
MnCl, 8.10—* M, ZnSO, 6.2.10— M, H,BO, 3.2.107 M, H,MoO, 1.24.10—6 M and 
Fe,(SO,), 2.5.10—$ M) together with usually 3 wheat plants, which were germinated 
on filter paper 3 days before. The flasks were placed in a dark room at 22° C, and 
after 24 hours the cell elongation was measured in the newly grown zones of the 
roots. For each piece of paper cut from a chromatogram the lengths of 60 to 90 
cells were measured in u, and the growth differing from the control growth can be 
expressed as per cent of the control growth with a maximal error of +12 per cent. 

With both coleoptiles and roots control tests were made with extract-free parts 
of the chromatogram on which the extract had been run. 


Results. Diagrams were drawn showing the effect of the different zones 
upon the growth of the shoots and of the roots. Figure 1 represents a typical 
shoot diagram and a root diagram obtained as a »mean diagram» from three 
root tests of three different extracts. The most conspicuous zones are marked 
with letters in the figure. 

a). With 9 out of 10 extracts the growth-accelerating effect of »a» upon 
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Figure 1. Growth dif- 
fering from the control 
growth as per cent of 
the control growth. 
——— coleoptiles; 
----- roots. 


DECREASE — GROWTH — INCREASE 


shoots was obtained, and generally it was greater relative to »b» than in the 
present case. Probably caused by the same substance, such a peak once 
appeared at zone 2 instead of 1. 

Although there was only a very faint increase in cell elongation of roots 
at »a», this effect was obtained with all three extracts, and it is therefore 
probable that these zones contain a substance that works in the same direction 
on both shoots and roots. 

b). All extracts showed their greatest effect at »b». Within these zones 
synthetic indole-3-acetic acid stopped on the chromatogram when run along- 
side the extract. The mean R; of IAA chromatographed under the same 
conditions was 0.30, thus it seems probable that the extracts contain IAA. 

In a few cases the length of the coleoptiles exceeded that of the controls 
by as much as 90 per cent. The roots were, on the contrary, very much 
inhibited, and in some cases the growth was totally suppressed. In all the 
extracts there appeared, however, a yellow pigment within these zones, which 
was mainly concentrated at R; 0.35 to 0.40, but part of which was also spread 
over the supposed JAA zone, so that it was impossible to get an IAA spot 
totally separated from this coloured substance. The separation did not 
succeed with other solvents tried, such as n-butanol-HCl, iso-propanol-water- 
ammonia, tertiary amyl-alcohol-water, iso-amyl-alcohol-pyridin-water, nor 
when the chromatograms were run for longer time. As the pigment gave the 
roots, especially the xylem, a strong reddish brown colour, and many cells 
assumed a granulous appearance, it could possibly contribute to the inhibi- 
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Figure 2. Absorption spectra, —+—+— of 
the red pigment at R, c. 0.2; .--.- of the red 5° 
compound obtained by oxidation of the yellow 
pigment at R, 0.35 to 0.40. 
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tion and, in some cases, to the death of the roots. The coleoptiles were also 
coloured by these zones, and they sometimes appeared to be poisoned too, 
but the increased growth could always be observed here. 

The yellow pigment was transformed into a red one on the paper when 
it was left in air, and in solution in the test tubes when air was bubbled 
through — consequently the transformation was probably an oxidation. The 
absorption spectrum of this compound coincided with that of a red pigment 
(figure 2), which always appeared on the chromatograms at R; c. 0.2. It was 
very similar to the spectrum of wheat leaf extract found by Waygood (7) 
and supposed to be due to a flavin compound. When a water solution of the 
acid fraction of ether extract was made very acid (pH c. 2), the same red 
colour with the same spectrum appeared. 

The spectrum of the red compound showed maximal absorption at 460 mu, 
minimum at 380 mu, and a narrow maximum band at 360 mu (the latter was 
not obtained with the acid solution). When Na,$,0,-solution was added to 
a red solution, the colour immediately disappeared but was restored by 
blowing air through the liquid. This corroborates the assumption that the 
red and yellow pigments constitute oxidized and reduced forms of one com- 
pound. Waygood’s root pigment does not seem to be so easily oxidized and, 
furthermore, his violet oxidized pigment is reduced to a leuco-form, whereas 
in the present instance a yellow form is apparently oxidized to a red pigment. 
The investigations of these root pigments will be continued. 

c). In a few other extracts, too, there is a slight indication of this peak. 
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Only in this case, however, is it of any significance, and no conclusion can 
be drawn as to some active substance here. 


d). Since significant inhibition occurred at »d» in every root test and in 
7 out of 10 of the shoot tests, there is, with great certainty, an inhibitor 
present at R; 0.60 to 0.75, working on shoots as well as on roots. Luckwill 
has found an inhibitor at R; 0.65 with the same partition solvents in extracts 
of shoots. 


e). At Ry 0.80 to 0.90 a very small increase of shoot growth could be 
detected with about half of the extracts. Only in one case was it clearly signi- 
ficant. By repeated chromatography the increase again appeared with that 
extract. Roots were very faintly affected. As a whole these effects are not 
very significant, and nothing definite can be said about these zones. 


Although the other, small peaks of the diagram are not great enough in 
comparison with the errors of the methods to justify any certain conclusions, 
it is remarkable that shoot and root diagrams accompany each other well 
over the whole diagram except at »b», which probably corresponds to IAA, 
which means that there are no other compounds of the auxin-type present. 


After that this manuscript had been completed, the results of a larger 
investigation of shoot and root extracts have been published by Bennet- 
Clark (8). The results of the two investigations confirm each other. The 
substance at »a», suggested by Bennet-Clark possibly to correspond to auxin 
a, seemed at a test carried out here to be acid labile. Furthermore, it does 
not resemble an auxin, because it exerts a similar action on shoot and root 
growth. 

Conclusions. The acid fraction of ether extracts of wheat roots contains at 
least three growth-regulating substances. 


1) a substance at the same R; value as IAA (0.30 with n-butanol-water- 
ammonia), which increases the growth of shoots, but in about the same con- 
centration inhibits the growth of roots. The substance or substances at this 
R; causes the greatest effect of the whole chromatogram. 


2) a substance at Ri<0.1, which accelerates the growth of shoots and 
probably, to a lesser degree, also that of roots. 


3) an inhibitor of both shoots and roots at R; 0.60 to 0.75. 


There are no other substances of auxin type than that at the same R; as 
IAA, nor are there any substances of the anti-auxin type. 


A yellow pigment was observed at nearly the same R; as IAA and could 


not be separated from the supposed IAA spot. It colours the roots strongly 
and the coleoptiles faintly. It is oxidizable to a red pigment. 


1 
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The problems of growth regulators and growth inhibitors have been and 
are occupying research workers continuously (Blackman, Holly and Roberts, 
1949; Evenari, 1949; Larsen, 1951; Bonner and Bandursky, 1952). At the 
same time increasing attention is being paid also to the behaviour of ger- 
mination promotion and inhibition. But despite the very widespread work 
in these fields very little is known of the quantitative relationships between 
the activity of a certain substance. It is true that in most cases accurate 
statistical date are available on the external concentrations required to give 
certain results. But nothing is as yet known as to the fate of the applied 
substances in the plant or seed, what percentage of the substance applied 
actually enters the cells, what amount remains outside and what amounts, 
if any, are destroyed. 

This work was started as a result of observations during germination tests 
of an apparent anomalous behaviour of the seeds towards one specific 
inhibitor, namely coumarin. It was found that a certain definite coumarin 
concentration caused widely varying inhibition responses under what 
appeared to be identical condition, particularly when the tests were con- 
tinued daily over a period of weeks. As a result of these observations it was 
decided to investigate the cause of this behaviour. With this end in view a 
detailed knowledge of the fate of the inhibitor, coumarin, was essential and 
it is this behaviour which it is intended to discuss. 


[413] 
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Materials and Methods 


The percentage of germination of lettuce seeds variety Progress was 
determined as described in a previous paper (Mayer and Evenari, 1952). The 
seeds of variety Progress are not light sensitive and germinate equally well 
in light and darkness. The conditions were standardised in every respect. 
Particular attention was paid to the age of the test solutions, cleanliness of 
apparatus, purity of the water, and constancy of temperature during the 
period of the germination tests. Quantitative estimations of coumarin on the 
solutions were carried out by the method described by Roberts and Link 
(1937). This method was carefully tested both on external solutions of seeds 
germinated in coumarin solutions and seeds germinated in water. It was 
found that with seeds germinated in water the external solutions gave com- 
pletely negative results when tested for coumarin. The red colour obtained in 
the reaction was estimated colorimetrically on a Fisher electrophotometer and 
read against a calibration curve. 

Coumarin in the seeds was determined as follows. The seeds were carefully 
ground up with water in a mortar in order to extract the coumarin. The 
extract so obtained was then filtered through glass wool. The filtrate which 
contained the water extractable coumarin was brown in colour. The coumarin 
was quantitatively extracted from this by extraction with benzene and the 
benzene separated. The benzene solution was then evaporated to dryness 
on a water bath. The residue was taken up in a small amount of water and 
the coumarin then determined as in aqueous solutions. This method also 
was carefully checked against seeds germinated in the absence of coumarin 
and these again gave entirely negative results when tested for coumarin, 
showing the method to be applicable. It is of course uncertain whether this 
method of water extraction resulted in the full extraction of coumarin from 
the seeds. But as will be shown later there is good reason to believe that the 
available coumarin was so extracted. 

When seed extracts were tested for their ability to destroy coumarin these 
were prepared as follows. The seeds were ground with water and the extract 
filtered. The extract was then incubated with a known amount of coumarin 
for a known period. The solution was then extracted with benzene and 
treated as previously described, to determine the coumarin. 


Results 


1. The Germination in a Standard Concentration of Coumarin 


The percent germination obtained when seeds were germinated in a solu- 
tion of 10 mg. °/o coumarin were studied over a period of two months. The 


COUMARIN AS A GERMINATION INHIBITOR 415 


18/12 24/12 171 VAL Vara 21/1 25/1 2/2 DATE 
1951 1952 no observ. 


PER CENT GERMINATION 


Fig. 1. The variation in per cent germination at a constant coumarin concentration. 


results recorded in figure 1 indicate a very wide variation in the percent 
germination. There was no variation in the daily germination percentage, 
the percentage on a given day being constant. As no particular precautions 
had been taken in these experiments they were Tepeated as follows. Seeds 
were stored, part at 6° in a frigidaire, part at 26° in an incubator and part 
at room temperatures which at this time fluctuated around 12—16° C. The 
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Fig. 2. The variation in per cent germination at a constant coumarin concentration under 
different treatments. 


ano. - germination in water 
germination in 10 mg °/o coumarin 
o seed kep at 6° C and 15 °/o relative humidity 
x seeds kept at room temperature 
A seeds kept at 26° C and 15 ?/ relative humidity 
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seeds were all kept at a constant relative humidity of 15 °/o. The seeds were 
then germinated in the usual manner either in water or 10 mg. °/o coumarin. 
As is shown in figure 2 the fluctuation remained. In order to completely 
establish these facts the germination tests were simultaneously carried out 
by another worker with identical results. The transfer of the seeds from 
one temperature to another, the daily preparation of fresh solutions and 
scrupulous cleanliness of apparatus all failed to affect the basic phenomenon 
described which is that one concentration of coumarin on different days 
causes different germinations while that in water remains constant. More- 
over there is no regularity in the fluctuations obtained. The different treat- 
ments on the same day gave similar germination percentage, so that the 
fluctuations are similar on any one day but different from day to day. 

It may be mentioned that very similar results were obtained also in the 
case of 2,4-D but the further study was confined to the behaviour towards 
coumarin only, partly due to the lack of a convenient method for estimating 
2,4-D. 


2. The Disappearance of Coumarin from the External Solution 


By the methods already described the amount of coumarin disappearing 
from the external solution was investigated. This was based on the assump- 
tion that if coumarin and water did not enter the seeds at the same rate 
than this should be reflected in changes in concentrations of the solution 
remaining in the petri dishes after the seeds had been germinated for 48 hrs. 
The experiments were compared with blanks kept together with the experi- 
ments to take into account such factors as evaporation and absorption on 
the filter paper. In addition evaporation was practically prevented by keeping 
the petri dishes in a closed system saturated with water vapour. These experi- 
ments were carried out over a number of months and the percent germination 
recorded as well as the change in concentration which is expressed per ml. 
of external solution caused by one hundred seeds. A decrease in the con- 
centration of the external solution was invariably noted, showing that cou- 
marin entered the seeds or was adsorbed on the seed coats more rapidly or 
over a longer period than did water. 

A plot of the results in figure 3 shows that there is a good agreement 
between the changes in the concentration of coumarin in the external solu- 
tion and the percent germination. The differences for the same concentration 
of coumarin are fairly wide, but nevertheless when two distinct coumarin 
concentrations are used then the percent germination falls into two distinct 
groups. 

In continuation of these observations it seemed important to know what 
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Fig. 3. Disappearance of coumarin from the external solution. On the abscissa mg cou- 
marin lost per 100 seeds. 


[] seeds placed in solution of 5 mg °/o coumarin 
A seeds placed in solution of 2.5 mg °/o coumarin 


was the relation between coumarin disappearance from the solution during 
the 48 hours of germination. Samples were withdrawn from petri dishes for 
analysis during the 48 hours of the experiment. As will be seen from figure 4 
the disappearance of coumarin continues for about 24 hours with a slight 
change in rate apparently occurring in the early hôurs of germination, 2—8 
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Fig. 4. Disappearance of coumarin from the external solution with time. On ihe ordinate 
mg coumarin lost from the external solution per 100 seeds. 
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hours. This curve is similar to that obtained for the absorption of water by 
the seeds but not identical with it. Water absorption reaches a steady state 
somewhat more rapidly and shows no break as that indicated by the results 
obtained here. 


3. Absorption and Recovery of Coumarin from the Seeds 


In the light of the above observations the actual amount of coumarin which 
could be recovered from the seeds was investigated. 

In the first place a plot was made of the percent germination against the 
amount of coumarin recovered from the seeds as compiled from a series of 
experiments. These results again show a correlation between the amount 
recovered from the seeds and the percent germination despite the fact that the 
data are recorded from varying coumarin concentrations. These data are 
recorded in figure 5. 

The recovery for any one external concentration is again rather wide. 
Nevertheless clearly defined groups appear. Low germination is associated 
with high external concentrations and high recovery. High germination 
percentage shows low external concentrations and low recovery. 

As on any one day there exists a very good correspondence between 
coumarin concentration applied outside and percent germination, it was 
decided to investigate whether on any one day there was a similar relation 
between coumarin applied and coumarin recovered. Figure 6 is one of a 
number of such experiments and it will be seen that the agreement is indeed 
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Fig. 5. Relation between coumarin recovered from the seeds and the per cent germination. 
On the abscissa mg coumarin recovered per 100 seeds. Amounts applied externally 
@ 2.5 mg Yo, X 5 mg 0/0, © 6.7 mg %o, [] 10 mg 0/0, A 13.4 mg 0/0, 7 mg 0%. 
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very close, both of germination and external concentration and of coumarin 
recovered from the seeds and coumarin applied externally. This also strongly 
indicates that the method used for extracting the coumarin is in fact a 
quantitative method, and one which recovers coumarin in proportion to its 
external concentration. 


It is one of the features of germination experiments that an apparently 
homogeneous population of seeds, which for example germinates fully in 
water (to the extent of 94—-100 per cent) behaves entirely differently when 
placed in a solution of an inhibitor. It then becomes apparent that instead 
of getting an all or nothing response, that is all germinating or failing to do 
so, some germinate normally, whereas others fail to germinate. If the be- 
haviour of all seeds were identical, it would be expected that a gradation 
could be obtained where all showed the same stage of intermediary develop- 
ment between germination and failure to do so. In fact a combination of the 


Table 1. Coumarin recovered from seeds germinating and failing to germinate 
in 5 mg ‘/o coumarin. 


mg coumarin recovered/100 seeds Ratio coumarin non germinated: 
Germinated Non germinated seeds a 

0.00685 0.00679 0.995 

0.00362 0.0104 2.88 

0.00244 0.00587 2.4 

0.00485 0.0094 1.95 

0.00717 0.00725 1.01 

0.0025 0.0068 2.72 
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Table 2. Balance sheet of coumarin applied and coumarin recovered at the end of the 
experiment. (The amounts given are for 2 petri dishes containing approx. 200—300 seeds). 
Amount of coumarin in mg. 


Amount recovered Amount 


9/0 Amount origin- Total | Amount unacc- 
Germination ally present eae Ne ee recov. ounted for 
al 0.11 0.09 0.004 0.094 0.026 
59 0.200 0.145 0.0034 0.148 0.052 
24 0.324 0.254 0.001 0.255 0.069 
57 0.558 0.200 0.028 0.028 0.360 
3 0.930 0.277 0.022 0.299 0.631 
0 0.900 0.460 0.001 0.461 0.439 
5 1.14 0.44 0.032 0.472 0.668 


two types of behaviour is obtained. The response of seeds to any one con- 
centration is not clear cut. 

The amount of coumarin recovered from seeds which germinate and those 
which fail to do so might throw some light on this point. The seeds were 
separated and the amount recovered per 100 seeds from each of the two 
types determined. 

As will be seen from Table 1 there is no regularity in this behaviour. The 
seeds which failed to germinate contained an equal or a greater amount of 
recoverable coumarin that did those which germinated. It may be noted that 
those failing to germinate never contained less recoverable coumarin than 
those which germinated. 

A glance at these data shows that the amount of coumarin recovered from 
hundred seeds is very small compared to the amount applied. In the case 
the application of 5 mg. °/o coumarin the amount placed in a petri dish con- 
taining about 100 seeds is in the region of .15 mg. From this amount up to 
about .04 mg. may be lost as shown by analyses of concentration changes 
of the external solution. At the same time only about .01 mg. maximum is 
recovered from the seeds. 

For this reason it was decided to construct balance sheets of the coumarin 
lost and recovered. The total coumarin remaining in the petri dish after 48 
hours of germination was determined, as was the amount which should be 
present at the end of the experiment as shown by blanks without seeds. The 
total recovered from all the seeds from the petri dish was also determined. 
A number of such balances are shown in Table 2. 

A number of facts emerge from a study of these balance sheets. It is 
obvious that large amounts of coumarin remain unaccounted for. In addition 
the germination will be seen to be related as expected to the amounts applied 
outside. In addition, however, the germination is also related to the amounts 
recovered in the external solution and to the total recovery. It must be 
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Table 3. Relation between coumarin unaccounted for and per cent germination. 


EE 


0/0 Germination Coumarin unaccounted for/100 seeds mg 

77 0.011 

59 0.03 

57 0.113 

24 0.0326 

3 0.161 | 
5 0.260 

0 0.248 


remembered that the number of seeds is different for each set of results 
given in Table 2. If the amount of coumarin unaccounted for is expressed 
per hundred seeds, it will be seen that this too is fairly well correlated to the 
percent germination. 


4. The Destruction of Coumarin by Seed Extracts 


In view of the previous results it was considered worth while to investigate 
whether seed extracts were able to inactivate coumarin. Seeds germinated in 
water and seeds germinated in 20 mg. °/o coumarin were ground and the 
extract obtained was incubated with a known amount of coumarin for various 
periods, at 26° C. in the dark. The coumarin remaining was extracted with 
benzene and then estimated as already described. The same was done also 
with dry seeds for comparison. Table 4 shows some of the results obtained. 

It will be seen that both dry seeds and seeds germinated in water can 
destroy or inactivate appreciable amounts of coumarin in relatively short 


Table 4. Destruction of coumarin by seed extracts. 


a. Incubated for 4 hours. 


Treatment | Amount coumarin lost/100 seed (extract) 
PELIMIN ALEC Mk water. cc -e-cee | 0.053 
germinated in 20 mg 9/o coumarin sai 0.0061 
0.046 


ADS SAS re ee 


b. Incubated for 61/2 hours. 


Treatment lAmount coumarin destroyed for/100 seeds (extract) 


germinated in water......................…. 0.072 
germinated in 20 mg 0/0 coumarin ... + 0.018 
dryaseedsäzr en ere cer | 0.059 
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times. Seeds germinated in high concentrations of coumarin (which prevent 
germination) can not inactivate coumarin to any extent. In the second part 
of the table there was even an increase in coumarin which can be ascribed 
to the release of coumarin from the seeds. A comparison with fig. 6 shows 
that 100 seeds contain about this amount of coumarin, when placed in 
20 mg. °/o coumarin and the coumarin is extracted after 48 hrs of ger- 
mination. 


Discussion 


From the experimental results obtained it is difficult to deduce any one 
factor to account for the variability in the germination percentage which is 
obtained when the seeds are placed in a given coumarin concentration. Again 
it must be stressed that this variability is apparent only when observations 
are carried out over a period of time. On any one day the percent germina- 
tion in a given coumarin concentration is constant no matter what the 
external conditions of temperature and moisture before the start of the experi- 
ment were. The following general facts emerge from the work discussed. 
Seeds having different coumarin contents germinate to different extents. At 
the same time the amount of coumarin left in the external solution varies 
over a period of time when a constant amount is initially applied. In general 
however the recovery of coumarin from the seeds varies with the amounts 
applied externally. When the changes in coumarin of the external solution 
were followed what was in fact measured was the difference in rate of entry 
of coumarin and water into the seeds. It is clear that coumarin enters the 
seeds to a greater extent and over a longer period than does water. Coumarin 
therefore enters more or less continuously and there exists no mechanism for 
its exclusion from the seeds. Although there is an apparent relationship 
between coumarin recovered from the seeds and their germination this can- 
not be the determining factor of the germination. Seeds which germinate 
and seeds which fail to germinate do not show any clear cut difference in 
their coumarin contents. It appears then that a given amount of coumarin 
can evoke varying responses. In addition the amounts recovered are always 
much smaller than those applied externally. The bulk of the coumarin 
remains unaccounted for. All these factors strongly suggest that it are the 
amounts of coumarin which disappear by destruction or inactivation which 
determine germination. There remains the question whether coumarin is 
merely removed from the dissolved state by being bound in some way or 
whether it is actively destroyed. 

There is no doubt that coumarin is removed from the solution such that 
it becomes unextractable. As seeds which have been in coumarin before 
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extracts from them are prepared lose their ability to remove coumarin, it 
seems reasonable to suppose that the removal of coumarin occurs by com- 
bination with some compounds present in the seeds. The exhaustion of this 
compound due to its combination with coumarin leads to non-germination 
of the seeds. This leads to the conclusion that the compound involved is one 
which normally is required for the germination process. A number of possi- 
bilities present themselves. It is possible that coumarin poisons an enzyme 
surface. Although in view of the amounts involved this seems at any rate 
doubtful. The second possibility is that coumarin is inactivated by the pro- 
duct of an enzymatic reaction. In this case either the reaction product would 
be necessary for germination or that the enzyme involved is divided from 
some other essential reaction. This aspect of the problem is now being studied. 
It remains however an open question why the observed variability in ger- 
mination occurs. It is difficult to understand why the inactivation of an 
enzyme or of the product of an enzymatic reaction should vary from day to 
day. Such variation is moreover not due to the temperature nor to changes in 
relative humidity of the seeds during storage prior to the experiment. 


Summary 


The germination of lettuce seeds in a constant concentration of coumarin 
showed appreciable day to day variations. 

These variations could be related to both the disappearance of coumarin 
from the external solution and to the internal recovery of coumarin. 

The internal recovery was much lower than the amounts applied or the 
amounts disappearing from the solution. 

Germination or non-germination could not be related to the amounts of 
coumarin recovered. 

Seed extracts were shown to inactivate or destroy large amounts of cou- 
marin. Pretreatment of seeds with coumarin prior of the preparation of the 
extracts destroyed their ability to destroy coumarin. It is suggested that the 
inactivation of coumarin is affected by a process which as one step involves 
its reaction with some essential metabolite which is produced enzymatically 
or with the enzyme producing it. The exhaustion of this metabolite or the 
diversion or inactivation of the enzyme leads to failure to germinate. 


I would like to express my thanks to Professor M. Evenari for his encouragement 
and helpful criticism throughout this work. My thanks are also due to Messrs Pieters 
Wheeler, Seed Comp., U.S. for supplying the seeds. 
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Apical dominance, which is defined as the limitation or complete inhibi- 
tion by a vigorous terminal bud of the development of lateral buds, has long 
been recognised. If the terminal bud is removed, one or more of the lateral 
buds close to the top of the stem usually commence development or grow 
with increased vigour. Once growing vigorously these in their turn limit the 
growth of lateral buds below them. 

The mechanism of bud inhibition in general, and of apical dominance in 
particular, has been the subject of much experimentation and discussion. As 
this has been well reviewed on a number of occasions (Went and Thimann 


1937, Snow 1937, Thimann 1948) no extensive discussion is justified in this 
paper. 

Snow (1925) first showed that the development of lateral buds could be inhibited 
by a diffusible substance originating in the apex. This was confirmed by Thimann 
and Skoog (1934) and the diffusible substance identified with auxin. In experiments 
with etiolated young pea plants they showed that the terminal bud was the main 
centre of auxin production in the shoot. Further, when that terminal bud was 
removed its inhibiting influence on the development of lateral buds could be dupli- 
cated by applying auxin to the decapitated stem tip. These results were confirmed 
repeatedly for dicotyledonous plants and Leopold (1949) reported similar findings 
for two monocotyledons, barley and teosinte. For barley it was also found that treat- 
ment with auxin antagonists decreased apical dominance. Altogether, the evidence 
along the above lines has been so definite that apical dominance has generally been 


[425] 


426 K. J. MITCHELL 


considered a clear example of correlation phenomenon controlled by auxin (Thimann 
1948). 

Consequently the observations that daylength (Garner and Allard 1923, Bonner 
and Thurlow 1949), vernalisation (Schwabe 1950), genotype (Delisle 1937), virus 
infection (Bald and Hutton 1950), and general vigour of growth (Went 1944, Gunckel 
etc., 1949), can all influence vigour of development of lateral buds and shoots have 
generally been discussed in terms of variations in auxin production or concentration. 
Leopold and Klein (1952) found that maleic hydrazide, a substance which was known 
to break apical dominance (Schoene and Hoffmann 1949), was mutually antago- 
nistic with auxin, i.e., each could relieve growth inhibition produced by the other. 

A number of hypotheses have been put forward to explain the mechanism of the 
inhibition of the lateral buds. On the one hand it has been suggested that auxin acts 
directly by diffusion down from the centres of production, at the apex and young 
leaves around it, in sufficient quantities to inhibit the lateral buds below (Thimann 
1937). On the other hand it has been suggested that auxin acts indirectly by diverting 
to its centres of production, and away from lateral buds, »food factors» required 
for growth (Went 1939). Intermediate between the alternatives mentioned above is 
Snow’s (1937) view that there is normally present in the plant an inhibitory factor 
able to move in any direction. Its effect is neutralised by auxin diffusing down from 
the apex or other centres of production. 

Since the above views were put forward a wide range of investigations have 
greatly expanded our general understanding of auxin action in plant tissue. The 
results have emphasised that there is often need to think in terms of interactions 
between auxin reaction systems, auxin inhibition systems, and the level of energy 
metabolites and other substrates for tissue synthesis (e.g. Skoog 1947). However, 
with reference to bud inhibition, and in particular, apical dominance, the position 
is still generally discussed in terms of the hypotheses outlined above (Thimann 
1949). 


In a previous paper (Mitchell 1953) the influence of light and temperature 
conditions on the rate and pattern of growth of certain Lolium spp. was 
reported. In the course of those studies it became clear that these environ- 
mental factors were quantitatively determining the expression of apical 
dominance, as shown by the number of buds which grew to visible tillers. 
In this paper the interaction of these environmental factors with each other, 
and with partial defoliation, is considered in greater detail. 


Experimental procedure 


The results presented are derived mainly from a series of trials carried out at 
Palmerston North, New Zealand, during autumn 1952. In these the effects of 
defoliation, and of differences in light intensity and temperature, on rate of growth 
and pattern of development of various types of ryegrass were compared. There were 
two types of L. perenne (Aberystwyth S23 an English strain, and New Zealand 
perennial ryegrass) and also a selection from hybridisations between L. perenne and 
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L. multiflorum (Short Rotation ryegrass). The abbreviations for these names which 
are used in the text are respectively S23, NZP, and SR. 

Similarly in tables and figures in which there is a comparison between two levels 
of temperature and light intensity, the higher level is indicated by T for temperature 
or L for light, and the lower by t or 1 respectively. « 

The general levels of light intensity and temperature being received by the plants, 
and the types of ryegrass used are indicated for each experiment individually. 

Treatments were commenced when seedlings emerged and terminated at »leaf 
appearance age» approximately 8.0 or earlier. The term »leaf appearance age» refers 
to the stage of development of the plant as judged by the number of leaves on the 
main stem (Mitchell 1953). During this period, development would be wholly within 
the vegetative phase. There was no internode elongation. Transfers from one set of 
conditions to another took place when the fourth leaf on the main stem had 
appeared, at an approximate leaf appearance age 4.7. The first partial defoliation 
was at this stage, and the second a week later. On both occasions plants were cut back 
to a height of 1” above ground level. 

The plants were grown on high fertility potting compost mixture in 1 gallon 
glazed porcelain pots, 3 plants per pot. A considerable surplus of seed was sown in 
the pots to allow for rigorous selection of the young seedlings for uniformity. The 
experiments were designed to give comparisons between groups of 10 plants. To 
allow a margin for casualties there were initially twelve plants in each treatment. 
Where these did not. occur, as was normally the case, surplus plants were eliminated 
by random selection at the conclusion of the experiments. 

Observations, at frequent intervals during growth and often daily, included a 
record of the time of appearance and position of every tiller on the plant and also 
the number of leaves on the main stem and on each tiller. The system of nomencla- 
ture used for the identification of each tiller is outlined in the previous paper (Mit- 
chell 1953). Plants were harvested when nearly all in each group had eight leaves 
on the main stem. The shoot tissue was dried for 24 hours at 105° C before weighing. 


Results 


A. The Induction and Abolition of Apical Dominance 


The extent to which a change in environmental conditions, in this case 
light intensity and temperature, can influence the development of lateral 
buds, is indicated by the results from a trial with S23. Two sets of treat- 
ment conditions were used: 


(a) Light intensity full autumn-daylight, and a mean temperature of 12°C 
(abbreviation Lt). 

(b) Light intensity 9 per cent full daylight and a mean temperature of 
22° C (abbreviation IT). 


Three groups of plants were grown initially under IT conditions. Of these 
one set remained there continually (IT—IT), another was transferred to Lt 
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conditions at leaf appearance age 4.7 (IT—Lt) and the other at leaf appear- 
ance age 6.5 (IT (6) —Lt). Initially there were two groups under Lt condi- 
tions. Of these one remained there continually (Lt—Lt) and the other was 
transferred to IT conditions at leaf appearance age 4.7 (Lt—IT). The influence 
of these conditions on the pattern of development is illustrated in Figure 1 
and summarised quantitatively in Table 1. Young plants of S23 do not tiller 
very freely, hence the majority do not develop a coleoptile tiller, even under 
conditions which are very favourable for tillering. 


With plants grown initially under high light intensity and low tempera- 
ture (Lt) the axillary buds of the lower leaves on the main stem all developed 
tillers. This continued for subsequent axillary buds up the main stem where 
plants were left under these conditions; but where plants were transferred 
to the low light intensity and higher temperature (IT) the upper buds were 
inhibited. The position was reversed where plants originally under IT condi- 
tions were transferred to Lt conditions; there was inhibition of the lower 
buds and the higher and later formed ones developed freely. 


Where plants were continuously under IT conditions all axillary buds were 
inhibited on 6 out of the 10 plants. On the other four only the bud from the 
axil of leaf 4 developed to a tiller. There is good reason for believing that 
had it not been for a period of cool clear weather which raised light intensity 
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Introduction 


In a previous paper we have summarised the evidence that excised roots 
of some species can be successively subcultured, without diminution in 
growth rate and with very infrequent failure of individual cultures, by 
excising the main tip at regular intervals and transferring it to new medium 
(Street, McGonagle and Lowe, 1951). At the same time it was emphasised that 
there was no satisfactory evidence that excised roots of tomato could be 
grown continuously by this method. Boll (1951), studying the growth of 
excised roots of the tomato varieties Pritchard and Red River and of hybrids 
between them, was unable to maintain his cultures by repeated excision of 
the main apex. Using a 7-day passage period, he found that nearly all the 
tips ceased activity in the second passage and only an occasional apex showed 
growth in the third passage. Some increase in the period of survival of the 
apices resulted from more frequent subsculture and from stabilisation of the 
pH of the medium by the methods previously described (Street, McGonagle 
and Lowe, 1951). These modifications in culture technique did not prevent 
most of the apices from becoming inactive in the third passage. Boll also noted 
that excised roots of Lycopersicum pimpinellifolium, Dunal could not be 
subcultured for more than three passages by excision of the main apex. 
Further investigations of the behaviour of the main axis tip when regularly 


[1] 


2 H. E. STREET, MOIRA P. MCGONAGLE AND E. H. ROBERTS 


excised and transferred to new medium have now been carried out using 
our clone of Lycopersicum esculentum, Mill. (Best-of-All) and a newly 
established clone of Lycopersicum pimpinellifolium, Dunal. 


Experimental 


Culture technique 


References to the general culture technique and composition of the culture 
media have been given in the first paper of this series (Street and Roberts, 
1952). The experiments described in the present paper had the following 
general plan. 10 mm. root tips excised from 7-day sector cultures were grown 
in 50 ml. medium and after 7 days, each root was subcultured by excising 
the apical 10 mm. of the main axis and transferring it to a new flask of 
medium. Apices which remained active were subscultured in this way every 
7 days. The tip cultures derived from the sector cultures constituted Passage 1. 
At each subculture, records were made of the number of roots which had 
grown (survival number) and of the mean values for increase in length of 
the main axis, for number of laterals per root, and in some cases, for length 
of laterals per root and for dry weight per root. It should be emphasised that 
the growth trends of individual apices have not been studied in these experi- 
ments and the data presented therefore only indicate the general level of 
growth of the surviving population. Survival numbers were adjusted so that 
they did not include roots which were subsequently eliminated by infection. 
Rejection of infected roots accounts for the differences in the number of 
replicate cultures for the different treatments in certain experiments. Nearly 
all apices which fail to grow sink to the bottom of the flasks either when 
excised (L. esculentum), or during incubation (L. pimpinellifolium). Such 
apices become brown and often show a characteristic distortion. Apices which 
sink on excision have been noted in earlier work (White, 1943 p. 140; 
Street and Lowe, 1950; Boll, 1951). Occasional tips have now been en- 
countered which, although they remain white and floating, do not increase 
in length but give rise to well-developed laterals. The main axis meristem 
of these apices is non-functional, lateral initiation has spread right into the 
tip region and when transferred to new medium, the lateral meristems 
develop to give a sector-like culture. 


Experiments with a clone of excised roots of Lycopersicum esculentum 
(Best-of-All) 


Experiment No. 1 comprised 20 replicates in standard culture medium 
(‘S’) and 21 in this medium modified by replacing the ferric sulphate by 
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Figure 1. Survival numbers and 
sums of mean values for increase 
in length of main axis per root 
(mm.) for roots of Lycopersicum 
esculentum grown in standard 
culture medium (Medium ’S’) and 
in this medium modified by re- 
placing the ferric sulphate by ferric 
citrate at a concentration equival- 
ent to X2 the standard iron con- 
centration. (Medium ’C X2’). (Ex- 
periment No. 1). 


© Medium ‘Ss 


@ Medium ‘Cx2* 


Passage No. 


ferric citrate at a concentration equivalent to X2 the standard iron con- 
centration (’CX2’). The cultures were incubated in a temperature-controlled 
room (Location 1) at 26.5+0.5° C., and were subscultured every week for 
6 weeks. Data from this experiment are presented in Figure 1. Cultures in 
medium ’S’ were carried through four subcultures without loss; 9 cultures 
survived into Passage 6. In medium ’CX2’, 4 cultures ceased growth during 
the first four passages; 11 cultures survived into Passage 6. Therefore, about 
50 per cent of the apices were still growing at the end of the experiment 
and, on the average, these had each produced 500 mm. of main axis length. 
This value is considerably in excess of those reported for apices which 
remained attached throughout their growth period to the root system they 
had generated (Street and Roberts, 1952). Excision has therefore prolonged 
the duration of activity of the apices. However, beyond a certain point, in 
this case after Passage 4, there was a marked decline in survival numbers. 


Experiment No. 2 comprised 44 replicates in medium ’S’ and 44 replicates 
in medium ’CX2’. Half the replicates in each medium were grown in the 
temperature-controlled room, (Location 1) at 26.5+0.5°C. The other half 
were grown in an incubator at a temperature of 27+0.5°C. (Location 2). 
The experiment was of 9 weeks’ duration. Data from this experiment are 
presented in Figures 2 and 3. Figure 2 shows that survival was much greater 
in Location 1 than in Location 2. The curves of survival numbers for Loca- 
tion 2 show a steep fall after Passage 3, whereas in the curves for Location 1 
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No. of roots surviving 


Figure 2’! Survival numbers for 
roots of Lycopersicum esculentum 
grown in medium ’S’ and in me- 
dium ’C X? in a temperature- 
controlled room at 26.5+0.5° C 
(Location 1 ) and in an in- 
cubator at 27.0+0.5° C (Location 2 
----), (Experiment No. 2). (Key 
as in Figure 1). 


Passage No. 


this does not occur until Passage 7. This ‘location effect’ has been confirmed 
in subsequent experiments and its analysis will form the substance of a later 
paper in this series. There is no marked contrast between medium ’S’ and 
medium ’CX2’ in their effect upon survival. This is emphasised if the results 
of Experiments 1 and 2 are compared. The sample sizes on which these 
‘survival curves’ are based were chosen arbitrarily and the results suggest 
that a closer parallelism between the curves for medium ’S’ and medium 
°C X2’ would be obtained by using larger numbers of replicates. 


The mean values for length of main axis, lateral number and length of 
laterals per root were higher in Passage 2 than in Passage 1 and this has 
been regularly observed in subsequent experiments. After Passage 2 these 
values decreased. At a variable time interval preceding the point of rapid 
decline in survival numbers, there was a marked decline in linear growth. 
This can be seen from Figure 3 in which the data for length of laterals 
per root are presented. During the experiment the main apex gradually 
increased in size and this in turn yielded a main axis of greater diameter. 
A similar, but more rapid, increase in main axis diameter occurs during 
the growth of excised roots in large volumes of medium and in constantly 
renewed medium (Street and Roberts, 1952). 


Experiment No. 3 involved the use of medium ’S’ containing sucrose at 
three concentrations, viz., 1.0 per cent, 2.0 per cent and 3.0 per cent. All 


. MERISTEMATIC ACTIVITY IN EXCISED ROOTS. II 5 


Length of laterals per root (mm) 


Figure 3. Mean values for length 
of laterals per root (mm.) for 
roots of Lycopersicum esculentum 
grown in Experiment No. 2. (Key 
as in Figure 2). 


Passage No. 


cultures were incubated in the temperature-controlled room (Location 1). 
The experiment was of 15 weeks’ duration. Each treatment was initially 
represented by 47 replicates. In 1 per cent sucrose medium, 2 cultures were 
lost by infection and 9 by accident. The survival line therefore only shows 
the fate of 36 cultures. Data from this experiment are presented in Figures 
4, 5, 6, and 7. 

In 1.0 per cent sucrose, all the apices remained active for the 15 passages 
of the experiment. With 2.0 per cent sucrose (the usual concentration in 
standard culture medium), only 3 apices were lost during the first five 
passages and 49 per cent were still surviving at Passage 10. In 3.0 per cent 
sucrose, there was a rapid decline in survival numbers after Passage 3, 
only 44 per cent of the apices survived into Passage 5 and all had ceased 
growth by Passage 9. Therefore, the sucrose concentration of the medium 
had a profound effect upon survival. 

In this experiment where the roots were subcultured for 15 weeks (cf. 
Expt. No. 1 and 2), the results with the standard 2.0 per cent sucrose medium 
revealed that a period of rapidly declining survival can give place to a third 
phase during which the surviving apices were subcultured without further 
loss. The 21 cultures growing in Passage 11 were all subcultured through 
to Passage 15. Examination of Figure 5 and 6 shows that with 2.0 per cent 
sucrose the values for both main axis increase and lateral number are 
depressed in Passages 6—9 and are therefore associated with the period 
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Figure 4. Survival numbers for roots of Lycopersicum esculentum grown in Location 1 
in medium ’S’ containing 1, 2 and 3 per cent sucrose (Experiment No. 3). 
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Figure 5. Mean values for increase in length of main axis (mm.) for roots of Lycopersicum 
esculentum grown in Experiment No. 3 (Key as in figure 4). 
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Figure 6. Mean values for number of laterals per root jor roots of Lycopersicum esculentum 
grown in Experiment No. 3. (Key as in figure 4). 
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Figure 7. Mean values for dry weight per root (mg.) for roots of Lycopersicum esculentum 
grown in 1 and 2 per cent sucrose media in Experiment No. 3 (Key as in figure 4). 


of declining survival. The values rise in Passage 10 and from then to the 
end of the experiment remain comparable with those recorded for the earlier 
passages. Thus, both the initial and final periods of high survival are 
characterised by good root growth. Similarly, with 3.0 per cent sucrose, the 
period of rapidly declining survival number is associated with decreasing 
growth. In 1.0 per cent sucrose, where all the apices remain active, there 
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Figure 8. Survival number for roots of Lycopersicum pimpinellifolium grown in Location 1 
in medium ’S’ containing 1, 2 and 3 per cent sucrose (Experiment No. 4) (Key as figure 4). 


are no consistent drifts in the values for increase in length of the main axis 
or lateral number. 

The relationships between mean growth values and the survival or loss 
of activity of the main apices, noted here and in the other experiments 
described in this paper, are now being examined in more detail by study of 
the growth and survival of individual roots. Declines in mean growth values 
may reflect the decreasing growth rate of roots destined to cease activity 
within the next few subcultures. This view is suggested by the fact that 


increased variability between the values for replicate cultures is associated 
with the lower mean values. 


Experiments with a clone of excised roots of Lycopersicum pimpinellifolium 


Experiment No. 4 involved the use of medium ’S’ containing sucrose at 
three concentrations, viz: 1.0 per cent, 2.0 per cent and 3.0 per cent. Cultures 
were incubated in the temperature-controlled room (Location 1) and the 
experiment was of 14 weeks’ duration. Each treatment was represented 


by 25 replicates. Data from this experiment are presented in Figures 8 
and 9. 
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Figure 9. Mean values for increase in length of main axis (mm.), number of laterals per 
root and length of laterals per root (mm.) for roots of Lycopersicum pimpinellifolium 
grown in 1 per cent sucrose medium (Experiment No. 4). 


Using the media containing 2.0 per cent and 3.0 per cent sucrose, 68 and 
72 per cent respectively of the cultures failed to grow in Passage 2. In each 
case only 2 roots survived Passage 3, and these failed to grow in Passage 4. 
The results with the 2.0 per cent sucrose medium confirmed those obtained 
previously by Boll (1951). Survival of the apices was much greater in the 
1.0 per cent sucrose medium (Figure 8). During the first three passages in 
this medium only 3 apices failed to grow. A sharp fall in survival number 
occurred in Passage 4 and from then onwards a fairly rapid loss of apices 
took place. There was no indication that a point was being reached after 
which the apices could be subcultured without loss, as appeared to be the 
case with excised roots of L. esculentum cultured in 2.0 per cent sucrose 
medium (Expt. No. 3). 

In 1.0 per cent sucrose medium (Figure 9), a fall in the values for main 
axis length, number of laterals per root and length of laterals per root in 
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Figure 10. Survival numbers for roots of Lycopersicum pimpinellifolium grown in 
Location 1 in medium ’S’ containing 0.5, 0.75, 1.0 and 1.5 per cent sucrose (Experiment No. 5). 


Passage 3 was associated with the marked fall in survival number between 
Passage 3 and 4. Similarly the marked fall in survival number between 
Passages 6 and 8 was associated with a fall in length of laterals per root 
in Passages 7 and 8, and a fall in number of laterals per root and in the 
increase in length of the main axis in Passage 8. From Passages 8 to 10 
a temporary rise in growth values accompanied the period during which 
fewer apices ceased activity, but subsequent declines in values further support 
the view that no permanent stabilisation had been achieved. 


Experiment No. 5 involved the use of medium ’S’ containing the following 
concentrations of sucrose: — 0.5, 0.75, 1.0 and 1.5 per cent. Cultures were 
incubated in the temperature-controlled room (Location 1) and the experi- 
ment was of 14 weeks’ duration. The results are presented in Figures 10—14. 

The ’survival curves’ in Figure 10 show that duration of activity of the 
apices is increased by reduction of the sucrose concentration in the medium. 
With 1.5 per cent sucrose, most apices had ceased activity by Passage 3 
and no apices remained active after Passage 6. With 1.0 per cent sucrose, a 
marked decline in survival number occurred in Passage 4 and again in 
Passages 11 and 12. With 0.75 per cent sucrose, a marked decline in survival 
number occurred in Passage 6 and again in Passage 11. The results with these 
last two concentrations of sucrose show that although the initial phase of 
rapid fall in survival number can be followed by a phase characterised by 
a Slower rate of loss of apices, nevertheless they give no indication of any 
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Figure 11. Mean values for increase in length of main axis (mm.) for roots of Lycopersicum 
pimpinellifolium grown in Experiment No. 5 (Key as in figure 10). 


permanent stabilisation of activity. Apices cultured in 0.5 per cent sucrose 
medium were subcultured through nine passages without loss, and through 
fourteen passages with loss of only 2 out of 16 apices. 

With 1.0 per cent sucrose, decrease in the values for increase in length of 
the main axis (Figure 11) and for number of laterals per root (Figure 12) 
corresponded with declines in survival number in the same way as in 
Experiment No. 4. With 0.75 per cent sucrose, a similar relationship obtained 
between the ’survival curve’ and the values for increase in length of main 
axis (Figure 11). Using this sucrose concentration, there is, during the 
first nine passages, a general rise in the values for the number of laterals 
and length of laterais per root (Figures 12 and 13) but, corresponding with 
the first decline in survival number, the increases in these values were checked 
in Passages 4—6. 

When roots were cultured in media containing 0.75 or 0.5 per cent 
sucrose, increases in the measurements for length of main axis, lateral number 
and lateral length occurred for a variable number of passages depending 
on the feature considered and the sucrose concentration employed. Such 
changes, combined with a gradual thickening of the main axis which occurs 
in these lower sucrose concentrations, caused the roots to resemble more and 
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Figure 12. Mean values for number of laterals per root for roots of Lycopersicum pimpi- 
nellifolium grown in Experiment No. 5 (Key as in figure 10). 


more those grown in 1.0 and 1.5 per cent sucrose. This was particularly 
striking for the roots cultured in 0.5 per cent sucrose. By Passage 4 these 
roots doubled the value for increase in length of main axis recorded in 
Passage 1—3, and from then onwards remained of similar length to those 
cultured in higher sucrose concentrations (Figure 11). Lateral number 
(Figure 12) increased consistently from Passage 2 (value=1.0) to Passage 10 
(value=37) and there was a similar marked increase in lateral length, 
particularly from Passage 7 onwards (Figure 13). 


The values for dry weight per root (Figure 14) increase with increase in 
sucrose concentration up to 1.5 per cent and with increase in passage number. 
This increase is checked, however, during periods characterised by declining 
survival number. With 1.0 per cent sucrose, dry weight values increased 
rapidly during the first three passages and then more slowly. With 0.75 per 
cent sucrose, the rise in dry weight per root becomes progressively more 
marked during the first four passages and then is more rapid than with 
1.0 per cent sucrose. Thus, as was the case with other growth measurements, 
the values more closely approach those of the roots growing in 1.0 per cent 
sucrose with each succeeding passage. With 0.5 per cent sucrose, no increase 
in dry weight per root oceurs until Passage 4. In each succeeding passage up 
to Passage 10 it increases proportionately more than in either 0.75 or 1.0 per 
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Figure 13. Mean values for length of laterals per root (mm.) for roots of Lycopersicum 
pimpinellifolium grown in Experiment No. 5 (Key as in figure 10). 


cent sucrose. The dry weight values for roots grown in 0.5 per cent sucrose 
medium nevertheless apptar to become stabilised at a level below that 
achieved in these higher sucrose concentrations. 

The dry weight data for roots of L. pimpinellifolium (Figure 14) contrast 
with those for L. esculentum (Figure 7) if the different sucrose concentrations 
are equated by their effects on survival. The dry weights of roots of 
L. esculentum cultured in 2.0 per cent sucrose medium increased up to 
Passage 4, diminished during the period of declining survival, rose again 
in Passage 10 and then remained almost constant. The dry weights of the 
roots cultured in 1.0 per cent sucrose medium showed little change during 
fifteen passages. Throughout the period of subculture the dry weight values 
were characteristic of the sucrose concentration and there was no tendency 
for the values for roots grown in 1.0 per cent sucrose to approach those 
obtained using 2.0 per cent sucrose. The dry weight data strongly support 
the view that roots of L. esculentum which have been cultured in 1.0 per cent 
sucrose medium, or which have survived ten passages in 2.0 per cent sucrose 
medium, achieve a ’steady state’ of activity and may subsequently survive 
for long periods if regularly subcultured into new medium. This apparent 
stabilisation of growth and survival of roots of L. esculentum after a period 
of culture in 2.0 per cent sucrose medium is now being investigated. With 
L. pimpinellifolium, reduction of the sucrose concentration of the medium 
to 0.75 per cent appears to prolong the activity of the apical meristems by 
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Figure 14. Mean values for dry weight per root (mg.) for roots of Lycopersicum pimpinelli- 
folium grown in Experiment No. 5 (Key as in figure 10). 


retarding changes which will lead to declines in survival number and ultim- 
ately, to cessation of the activity of all apices. This may also be the case with 
roots grown in 0.5 per cent sucrose medium. With successive subculture, roots 
of this species grown in media of low sucrose concentration approach in 
groWth values dry weight and morphology those cultured in higher con- 
centrations of sucrose. This may result either from enhancement of the rate 
of sucrose absorption by such roots or from this combined with more efficient 
carbohydrate utilisation. After Passage 10, the dry weight values for roots 
grown in 0.5 per cent sucrose appear to be stabilised at a level below that 
occurring in higher sucrose concentrations. At this stage the enhancement 
of sucrose utilisation may have reached a maximum value, which raises the 
possibility that indefinite subculture can be achieved either in this medium 
or in medium of still lower sucrose content. Examination of such a possibility 
forms a necessary part of future work. 
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Summary 


1. Excised roots of L. esculentum and L. pimpinellifolium have been 
subcultured by excising the main apices of the roots every 7 days and 
transferring them to new medium. At each subculture, records have been 
made of the number of roots which had grown in the previous culture 
period (survival number) and of the level of root growth assessed from 
mean values for increase in length of main axis, lateral number, and in 
some cases, for length of laterals and for dry weight. Persistence or cessation 
of the activity of the main axis meristems under different cultural treatments 
has been depicted in ’survival curves’ obtained by plotting survival numbers 
against passage numbers. These have been compared with graphs showing 
the general level of root growth achieved in successive passages. Declines in 
survival number were associated with, or were immediately preceded by, 
decreases in the mean values for root growth. 


2. Using a clone of roots of L. esculentum it has been shown that, under 
the experimental conditions employed, maintenance of the activity of main 
axis meristems through successive culture passages is not markedly affected 
by substituting ferric citrate for the ferric sulphate of the standard culture 
medium. However, survival of meristem activity is markedly influenced by 
as yet unidentified factors associated with the location in which the cultures 
are grown and by the sucrose concentration of the medium. By using medium 
containing 1.0 per cent sucrose, roots have been subcultured through fifteen 
7-day passages without any cessation of the activity of the main apices or 
decline in mean growth values. In 2.0 per cent sucrose medium, all the main 
apex meristems remain active for from four to seven passages. This period 
of successful subculture is followed by one during which survival number 
declined, and this in turn is succeeded by a third period during which the 
surviving apices can again be subcultured without loss. With medium con- 
taining 3.0 per cent sucrose, the first phase of the ’survival curve’ is shortened 
and is followed by a period of rapid loss of apices which continues until 
all have ceased activity. 

3. A progressive increase in the duration of activity of the main axis 
meristem of roots of L. pimpinellifolium results from reduction of the sucrose 
concentration of the medium over the range 3.0 to 0.5 per cent. With 
successive subculture, roots of L. pimpinellifolium grown in media of low 
sucrose concentration approach in growth values and morphology those 
cultured in higher sucrose concentrations. It is postulated that subculture 
of the main axis meristem without loss of activity may be achieved here, 
as with L. esculentum by adjustment of the sucrose concentration of the 


medium. 
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Table 1. Comparison of pattern of tiller development of S23 plants grown either at low 
light intensity and high temperature (IT) or the reverse (Lt). 10 plants per treatment. 
pee mes 


a Tiller development from the main stem|Number of subsidiary tillers 
Treatment sees 
position | Number | Mean number of leaves 
of tillers per tiller present 2nd order | 3rd order 
ee eee ee FT Er TS Ae ra ee à |, © 

| rl 10 5.4 38 19 

2 10 4.4 27 4 

TEILE... T3 10 3.0 19 — 
| T4 10 2.4 4 is 

1055 9 ill — - 

Tt 10 5.4 5 — 

| T2 10 4.2 — — 

ER IT... te) 5 3.6 — — 
| T4 — — — — 

TS ua a Er = 

TA — — — — 

| 12 — En — — 

U cs — — — = 
| T4 4 255 — — 

T5 — — — —- 

405 4 2.8 6 — 

T2 10 3.0 16 — 

IT—Let...... 3 10 3.2 18 — 
T4 10 2.5 6 _ 

175 10 135 — - 

T1 1 2.0 — — 

2 8 2.6 2 — 

IT(6) — Lt 4083 10 2.6 7 — 
T4 10 23 7 — 

75 10 125 — — 


and lowered temperatures in the glasshouse at leaf appearance age 6.0 to 
6.8, bud inhibition would have been complete on all plants in this group. 


B. Influence of Variation in either Light Intensity, Temperature, 
Genotype, or Length of Day 


In the trial described above lateral bud development was influenced by 
simultaneous differences in light intensity and temperature. It has previously 
been shown that at constant temperature a reduction in light intensity can 
cause bud inhibition (Mitchell 1953). The results presented in Table 2 indicate 
that whether or not inhibition occurs can be influenced by temperature. 
Raising ‘it favours inhibition (c.f. NZP at 14° C and 22° C). However, the 
extent to which such a rise in temperature does induce inhibition is condi- 
tioned by genotype (SR compared with NZP at 22° C). These results illustrate 
a point observed in all experiments, namely, the extent to which a change 
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Table 2. Influence of temperature on pattern of tiller development in SR and NZP ryegrass 
at leaf appearance age 8.0. 10 plants per treatment. 


À 


Bd a ns Number of subsidiary tillers 
TEE net Tiller main stem 
position | Number |Mean number of leaves end onic? ard’ rät 
of tillers per tiller present 
Mean Temp. 14°C jh 10 5.7 34 8 
NZPIR ce T2 10 4.9 23 3 
EEE et: T3 10 39 12 2 
T4 10 2.6 — — 
T5 8 1.6 = == 
Mean Temp. 22°C Di 10 5.7 17 — 
NZ. 2 10 5.0 7 — 
LEARN T3 10 3.7 — — 
T4 3 1.3 — — 
T5 — — = — 
Mean Temp. 22°C Ti 10 5.7 25 5 
SR CURE T2 10 4.7 16 2 
ÉTAT SE T3 10 3.7 2 — 
T4 10 2.0 — = 
T5 3 | — = 


in one factor affects bud development is strongly influenced by the associated 
environmental and genotypic factors. 

Results from an experiment carried out in early June 1949 in a glasshouse 
at Manchester, England, indicate that a reduction in the number of hours 
per day of illumination at relatively high light intensity also favours bud 
inhibition (Table 3). The plants under short day conditions were in a dark 
room from 4 p.m. till 8 a.m. Those under long day conditions received 
approximately 16 hours of natural daylight plus supplementary illumination 
to bring the total period of light up to 18 hours per day. Mean temperature 
during the experiment was 22° C. 

As has been pointed out previously, and is clear from Figure 1 and Tables 
1 and 2, the total number of tillers per plant is an index of the extent to 
which bud inhibition is occurring; the fewer the tillers the greater the bud 
inhibition, irrespective of whether that inhibition be on the main stem or 
tillers from it. Therefore, for brevity, the results given in Table 3 and in 
subsequent sections are in terms of tiller numbers only. 

The plants under long day conditions tillered faster than those under short 
day conditions. This difference was very marked when daily rate of tiller 
formation was compared but there were still large differences in number 
of tillers per plant when the groups are compared at equal leaf appearance 
ages as in Table 3. This evidence is presented not to take issue with previous 
reports that short day generally (Purvis 1934, Petersen and Loomis 1949), 
but not invariably (Chinoy and Nanda 1951), stimulates tillering of long day 
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Table 3. Influence of daylength on tillering. The groups are at mean leaf 
appearance age 5.0. 
ER A NE a BE 


| Long day 18 hours Short day 8 hours | 
EEE SR SR SR 

Ne D EO qq ns Re. 

Mean number of tillers per plant 3.3 | 4.9 | 2.4 | 2.9 | 


type Gramineae, but to illustrate that a reduction in quantity of light avail- 
able to the plant may induce lateral bud inhibition irrespective of whether 
intensity is reduced and period of illumination held constant, or intensity is 
held approximately constant and period of illumination reduced. 

These results are in accord with the fact that increasing natural daylength 
by a supplementary period of low intensity illumination does not influence 
the rate of tiller formation of Lolium types in the vegetative phase of develop- 
ment (Cooper 1952). 


C. Influence of Partial Defoliation 


In the treatments discussed above there was no physical interference with 
the course of development of the plant. The influence of the removal of 
approximately 80 per cent of the leaf tissue on the course of increase in tiller 
numbers is shown in Figure 2. At 22° C a defoliation at leaf appearance age 
4.7 has checked the rate of increase in tiller numbers. This check continues 
much longer where the plants received a further defoliation 7 days later. 
In contrast, at the lower temperature 14° C, neither a single nor a double 
defoliation has had any influence on tiller development. 

The actual change in pattern of development of the group of plants most 
influenced by defoliation is illustrated in Figure 3. Inhibition has occurred 
mainly with the lateral buds of the first order tillers, rather than with the 
lateral buds of the main stem. At the moment, no special significance is 
attached to this for previous evidence (Mitchell 1953) indicates that the 
development of lateral buds on subsidiary tillers can be affected by changes 
in environmental conditions in just the same manner as is being outlined 
for buds on the main stem. 

A difference in light intensity can also influence the response of plants to 
partial defoliation. In the experiment from which results presented in Table 4 
are drawn, plants were grown in full light in a glasshouse (65 per cent day- 
light) until 14th June 1949, when they had reached a leaf appearance age 
of approximately 5.0. On that date the treatment differences detailed in the 
table were applied. Either shading or partial defoliation caused an initial 
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RYEGRASS 


[NZ. PERENNIAL] 


NOT DEFOLIATED 
——— DEFOLIATED ONCE 
---- DEFOLIATED TWICE 


@—+— MEAN TEMPERATURE 22°C 
MEAN TEMPERATURE 14°C 


TILLERS 


LEAF APPEARANCE ACE 


Figure 2. Influence of partial defoliation on the tillering of plants of NZP grown at 13°C 


and 22% 0: 
m 
a à à 
bn x 
IR ARE 
à N a 
es A TEN 
| | 
Meas = a Figure 3. A comparison of the pattern of 
development of plants not defoliated and 
ee plants defoliated twice. The figure shows a 
NOT DEFOLIATED a 


ty diagramatic representation of typical plants 
i at three stages. (a) At the time of first de- 
foliation (age 4.7), when there was no dif- 
ference between the two groups of plants 
for they had been treated similarly up to 
that stage: (b) At the stage of development 
when the second defoliation occurred (age 
5.5). (c) At a later stage of development 
war un AR (age 7.2). 
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Table 4. Influence of defoliation and shading on the rate of increase of tiller 
numbers of S23. 


Ss eS ee eee 
De Not defoliated Defoliated (75 0/0 of leaf tissue removed) 
Daylight 65 0/0 | Daylight 25 °/o| Daylight 65 0/0 | Daylight 25 0/0 
lune 4.4 4.5 4.7 | 5.5 
23 June.......... 10.7 6.4 8.0 5.9 
2 July an... 19.3 1 9.2 16.0 7.4 
MAUVE... 21.9 1 12.6 27.5 6.8 


! To a slight extent on 2 July and markedly on 11 July the tillering of this group was 
limited by root-binding in the relatively small pots used. The total dry weights of the 
plants in the other groups were much less and they were not visibly affected by this root 
binding. 


reduction in number of tillers per plant. Where the partially defoliated plants 
were in 65 per cent daylight vigorous tiller development was soon resumed 
but where the plants were shaded as well only two or three tillers developed 
during the following 27 days, i.e., lateral bud inhibition became almost 
complete. 

Other results in this paper are from sequential observations on the same 
plants, but for this experiment the tiller numbers quoted refer to separate 
groups of plants which were harvested for dry weight determinations at the 
dates stated. The time trends for tiller numbers are therefore not as regular 
as where observations were from the same group of plants throughout. 

Although portions of leaves at all stages of maturity were cut off by the 
defoliations it cannot be inferred that there was direct removal of any major 
centre of auxin production. Current evidence (Delisle 1938) indicates that 
the major centre of auxin production is the young expanding leaf tissue close 
to the shoot apex. Once leaf tissue ceases expansion its auxin production falls 
off rapidly. With these plants, all in the vegetative phase of development, the 
stem apex was almost at ground level and the leaves develop from an inter- 
callary meristematic zone close to their base. Thus, cutting at the one inch 
level will have removed no stem apices and little if any expanding leaf 
tissue. Hence, if defoliation has any influence on auxin production it should 
be indirect. 


D. Initial Development of Axillary Buds 


The tendency for conditions which are unfavourable for tillering to cause 
a delay in time of appearance of some tillers has been noted previously 
(Mitchell 1953). The effect of such conditions can be followed a stage further 
back by dissecting plants to examine the axillary buds. Plants of SR and S23 
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JUN] 


2 = TILÈER 2 : 
AGE 7:3 
LT-Lr ln... Figure 4. Stage of development of axil- 
SR lary buds at the leaf appearance ages 
erect bf stated. The straight lines give an ap- 


proximation of the length of the buds 


and the thin wavy lines represent those 
LT-Lr IR CO which have developed to visible tillers. 
S23 lee) phi PA Of the straight lines the shortest re- 


present buds under 1/16 in. and the 
longest buds over 1/2 in. 


2 3 2 3 
TILLER TILLER 
AGE 4:5 AGES:5 


were grown under the conditions of high light intensity and low temperature, 
or vice versa, and groups of 6 plants were examined at leaf appearance ages 
3.8, 4.5, 5.5, 6.5, 7.5. The results at selected ages are shown graphically in 
Figure 4. The main points which were noted are as follows: — 


(i) Conditions which favour bud inhibition caused a slowing down in the 
rate of development of the axillary bud. This bud first appeared as a pro- 
truberance in the axil of the leaf which soon assumed bud form. Whether it 
then remained about !/;, inch long or grew on, and also how fast and how 
far it developed, were dependent on treatment conditions and on genotype. 
It is easier to halt the development of $23 buds than SR buds. 

(ii) Transfer from the Lt condition to the IT condition, which occurred 
just after tiller 1 (ie. from the axil of the first leaf on the main stem) had 
appeared, induced no sudden cessation of bud development, but a progressive 
slowing down and eventual stoppage of the growth of subsequent buds up 
the main stem. General observations indicated that the further a bud had 
developed the more difficult was it to completely stop its growth by a transfer 
to adverse conditions; and once a piece of green tissue had appeared above 
the subtending leaf sheath inhibition was virtually impossible. This is in 
accord with the observation in the next section that dominance exerted by 
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the apex of the main stem does not appear to limit the growth of existing 
tillers. 


(iii) The transfer from the IT to Lt conditions immediately stimulated 
development of buds previously inhibited. S23 at age 4.5 showed an excellent 
example of how younger buds tend to develop more rapidly than older buds, 
when there is a change to more favourable conditions. 


(iv) A comparison of the two groups of plants continuously in IT condi- 
tions shows that the greater difficulty in obtaining complete inhibition of 
tiller development on SR is associated with a tendency for its axillary buds 
to continue development despite adverse conditions. Their growth may be 
very slow but it does tend to continue under conditions where the growth 
of buds of $23 is halted completely. 


E. Influence of Duration of Bud Inhibition 


An axillary bud does not develop to a visible tiller until there is at least 
one mature leaf above it. For convenience the axillary bud will be considered 
to have reached developmental »maturity» at this stage, i.e., it is then capable 
of developing to a visible tiller. Table 5 illustrates how buds which have 
reached maturity but then failed to develop due to unfavourable conditions 
(IT) can be stimulated to resume growth by a transfer to more favourable 
conditions (Lt). 

When this occurs it is the youngest »mature» bud which first develops 
to a visible tiller. Tillers from the older buds lower down the stem may appear 
simultaneously if the improvement in conditions is very marked. Otherwise 
they can be expected to appear in basipetal succession, as has occurred in 
treatment IT (6)—Lt. For a time plants in this treatment were showing 
simultaneous acropetal and :basipetal development of tillers. Not only do the 
older buds tend to develop later, but also, the older an inhibited bud the 


Table 5. Sequence of appearance of tillers. Mean number of tillers visible on the main stem 
when groups of 10 plants were at equivalent stages of development. At the date on the 
3rd line in the table, plants were at leaf appearance age 7.2 + 0.1. 
IT (6) — Lt Lt — Lt Lt — IT 
Date Mes T3| T+| T5 Date T1| T2,T3| T4| T5 Date T1|T2| T3| T4| T5 


18 April |—|—|—| 3/—| 4 April |10/10)10| 6,— | 10 April | 10/10; 4 | — | — 
20 April | —| 1 | 3| 3)—| 6 April |}10/10;10) 8) — 

22 April |—| 5 | 8| 8| 0| 8 April |10/10/10)10| 1 | 15 April 11011015 | — | — 
26 April |—| 5 | 9/10] 6] 10 April |10/10\10/10| 3 | 18 April 11011015 |— | — 
28 April | 1 | 8 j10/10/|10| 15 April |10/10|10|10| 9 | 22 April |10/10} 6 | 0 | — 
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Figure 5. The influence of light and temperature conditions on the relative weight of the 
leaf tissue of tillers from the main stem and of subsidiary tillers arising from them. 


more difficult it is to stimulate it to resume growth later. The results in 
Table 1 also illustrate this point. 

Figure 5 shows the relative weight of the tillers from the main stem and 
of subsidiary tillers arising from them. Tiller weight has been expressed as 
a percentage of the weight of tissue on the main stem in order to eliminate 
the effect of differences in leaf dimensions induced by the changes in light 
and temperature conditions. When plants were transferred from Lt to IT, 
tiller 1 had developed, tiller 2 was appearing, and tiller 3 generally appeared 
some time afterwards if at all. Apart from these and a subsidiary tiller on 
tiller 1, generally present when the transfer was made, there was no further 
tiller development on this group of plants. It will be noted that the first two 
tillers on the main stem showed approximately the same relative develop- 
ment as the corresponding tillers in plants left continuously under favour- 
able conditions. 

In the group of plants transferred from IT to Lt, tillers 1 and 2 appeared 
simultaneously and tiller 3 two—three days after them. Despite its earlier 
appearance, the weight of tissue formed on tiller 2 was considerably less 
than on tiller 3. It was even less on tiller 1 which appeared at the same time 
as tiller 2. These results illustrate trends generally observed in this plant 
material. The longer a bud has been inhibited the lower is the vigour of the 
tiller which does develop from it. On the other hand once a bud has developed 
to a visible tiller its subsequent growth does not appear retarded, relative 
to the main stem, even if conditions become unfavourable. 
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Discussion 


To keep the results which have been put forward in perspective, two points 
need to be kept in mind: — 


(a) Although evidence has been presented to show that a rise in tempera- 
ture, fall in light quantity, or partial defoliation, can induce bud inhibition, 
the effect of a change in any one factor is conditioned by the level of the other 
environmental factors and by genotype. 

(b) Besides influencing bud development, variations in the above factors 
can simultaneously induce many other changes in the morphology of the 
plant. 


Over the last 20 years there has been clear evidence from decapitation and 
auxin treatment experiments that variations in auxin level can control bud 
development in suitable plant material. Probably arising from this, sugges- 
tions have been put forward that variations in amount of tillering in grasses 
(Leopold 1949), or comparably the vigour of development of lateral branches 
of dicotyledons (Schwabe 1950) are associated with equivalent variations in 
rate of auxin production or sensitivity of the plant tissue to auxin. If such 
views are applied to ryegrass plants it follows that auxin production, or 
sensitivity to auxin, is increased by a reduction in light intensity, a rise in 
temperature, or partial defoliation. It also follows that a reduction in light 
intensity does not induce a rise in auxin production, or tissue sensitivity, if 
temperatures are low; and so on for other combinations of factors considered. 

A selection from lines of reasoning based on changes in the auxin content 
or an interaction between auxin and hormone type inhibitors could provide 
an adequate, though rather complex, interpretation of the phenomena reported 
were it not for the fact that all treatments used induce differences in daily 
rate of tissue formation and in total weight of the plants at equal stages of 
development. The plants grown under IT—IT and Lt—Lt conditions in the 
first experiment discussed in this paper provide a rather extreme example of 
the position. At leaf appearance age 8.5 there was a 10 fold difference in dry 
weight of shoot, 36 mg. for IT—IT against 366 mg. for Lt—Lt. In addition 
the periods required to produce that weight of tissue were respectively 74 
and 43 days from time of emergence of the seedling. 

Co-ordination systems, such as the auxin mechanism, do not contribute 
significant quantities of substrate for the formation of tissue but act by 
determining when or where tissue formation occurs. For the plant as a whole 
they are in effect determining an order of precedence for the utilisation of 
the substrate available for growth. 

The evidence presented indicates it is not so much the rate of substrate 
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formation in the leaves, as controlled by photosynthesis, or the potential rate 
utilisation, as controlled by temperature, but the balance between the two, 
which can determine lateral bud development. This balance is here thought 
of in terms of the general level of energy substrate in the plant. If that falls 
bud inhibition tends to occur, but growth of the tillers already present con- 
tinues, though at a reduced rate. This implies that the meristematic centres 
at the apices of the existing tillers receive priority for the limited supply of 
energy substrate. 

A clear example of the interaction between light intensity and temperature, 
presumably due to their influence on level of energy substrate, was found in 
the controlled environment experiment described previously (Mitchell 1953). 
Where light intensity was low and temperature relatively high, there was 
little tiller development. Either raising light intensity or decreasing tempera- 
ture, increased relative rate of increase in tiller numbers. 

The results which have been described are in general accord with the 
»diversion theory» of auxin action (Went 1939) which was briefly outlined 
in the introduction. Centres of auxin production act as »centres of attrac- 
tion» for »food factors» required for tissue growth. In this case energy sub- 
strate is the most obvious portion of the »food factor» which has been varied 
by the treatments used. The apical meristematic zone, as the most powerful 
»centre of attraction» in the stem, is able to attract to itself supplies of energy 
substrate and where these are short, starve the lateral buds. It is in accord 
with these ideas that the lateral bud which develops first in plants left in 
unfavourable conditions, or on plants transferred to more favourable condi- 
tions, is the one closest to the apex. Because of the powerful apical attraction, 
that bud is closest to the point where nutrient levels would be highest in any 
case. The interpretation of these results in terms of the diversion of energy 
substrate is supported by the evidence that carbohydrates in the plant can 
be mobilised toward centres of high auxin level (Mitchell and Martin 1937). 
It is also in accord with Gustafson’s outline of the role of hormones in fruit 
development (1950). 

In addition, the reaction of axillary buds of various ages to variations in 
energy substrate levels is probably influenced by the course of anatomical 
development in the leaves and stems. Such considerations would probably 
apply particularly in a plant such as this where the distance between the 
stem apex and basal lateral buds may be only a few millimeters at the most. 
As the buds become older and therefore at a lower node on the stem, the 
surrounding tissues would tend to become more rigidly differentiated and 
dominated by the vascular connections etc. of the leaf and stem. If the posi- 
tion which Wardlaw (1952) outlines for Dryopteris holds for Lolium there 
will be a transition from an apical region where differentiation, particularly 
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of the vascular elements, is incomplete to a region of mature vascular tissue. 
Wardlaw suggests that in the comparatively undifferentiated areas nutrients 
move upward and outward by diffusion along concentration gradients 
originating from the tops of the vascular column, but that in mature tissue 
nutrients move through the vascular elements with only minor leakages. 
Therefore, the older a bud the more it would tend to become sealed off from 
the general flux of nutrient supplies, with correspondingly less chance of its 
being stimulated by a rise in general level of energy substrate in the plant. 
The fact that the further a bud has developed the more difficult it becomes 
to halt its growth by a change to unfavourable conditions could be partly 
due to a rise in its auxin production and partly to its having improved 
vascular connections. 

Although it may appear to adequately describe the present results, inter- 
pretation solely in terms of nutrient diversion and variation in level of energy 
substrate available to each bud ignores the following points. 


(a) Changes in environmental conditions can (Gustafson 1946), but do not 
invariably (Went 1944 A) influence auxin production. There is no direct 
evidence that changes have occurred in these plants but by analogy it is to 
be expected that some variations in auxin production may have occurred. 

(b) It has been adequately demonstrated that auxin or associated sub- 
stances do diffuse through plant tissue and can directly inhibit bud develop- 
ment. 

(c) In tissue culture Skoog and Tsui (1948) and others have shown there 
can be a direct interaction between auxin level and carbohydrate level. Raising 
carbohydrate concentration may increase the concentration of auxin required 
to suppress bud development. 


Thimann (1937) has put forward the concept that the influence of auxin 
on different organs, e.g., roots, buds and stems, can be represented by a 
series of optimum curves, intermediate concentrations promoting growth and 
higher concentrations inhibiting it. The optimum concentration for promo- 
tion of growth varies according to the type of tissue. Thus concentrations 
favouring stem growth are high enough to inhibit bud development. If it can 
be accepted that the situation found by Skoog and Tsui in tissue culture could 
be present in a normally growing plant, it follows that the position of each 
optimum curve would vary according to the level of energy substrate in the 
plant. Thus a concentration of auxin sufficient to inhibit bud development 
at a low level of energy substrate could be insufficient to do so at a high 
level. In fact, the concept advanced by Thimann suggests that such an auxin 
concentration would then be stimulating growth. 

If that is so, the distinction between a diversion theory and a direct action 
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theory becomes very fine indeed. There can be any number of interactions 
between the concentration of auxin reaching a bud and the level of »food 
factors». Flow of energy substrate and other »food factors» from their centres 
of production toward points of utilisation, in this case meristematic centres, 
is presumably due to some form of physiological gradient. It is to be expected 
that such a gradient is partly controlled by the rate of utilisation of sub- 
strate at each particular meristematic centre. 

The suggestions which have been outlined appear to be in accord with a 
number of previously described observations of the effect of vigour of growth 
on form of development. For example, Went (1944) reported that when 
tomato plants var San Jose were 30—40 cm. high apical dominance tended 
to disappear if they were growing under very favourable conditions. At this 
height plants were past the establishment period but had not commenced to 
form the flowering trusses, with their many new meristematic centres for 
substrate utilisation. Hence it could be expected that the levels of energy 
substrate would be high and that this would encourage the development of 
additional centres of meristematic activity, in this case the lateral buds. If 
lateral buds were removed outgrowths appeared on the older leaves. 

In a study of the development of long shoots and short shoots in Ginkgo 
biloba (Gunckel et al 1949) it was found that the growth of a vigorous ter- 
minal long shoot tended to prevent the development of long shoots by the 
laterals below. Decapitation experiments combined with auxin applications 
confirmed that this could be regarded as an auxin controlled apical dominance 
situation. The proportion of terminal buds on a plant which grew out to form 
long shoots rose with increasing general vigour of the plant. It was regarded 
as an anomaly that the greater the development of long shoots on terminal 
stems of a tree the greater was the chance of laterals just below developing to 
long shoots. If a rise in general level of precursors for tissue synthesis does 
tend to overcome auxin inhibition this situation is to be expected. 

The observation that in maize (Zea mays) the cessation of axillary shoot 
development appears to be associated with the onset of elongation of the 
internodes of the stem (Bonnett 1948) suggests that the particular sensitivity 
of lateral buds of ryegrass to inhibition or stimulation by changes in external 
conditions may be related to the absence of stem elongation. Without the 
heavy drain of substrate required for tissue formation at the intercalary 
meristems of elongating internodes, fluctuations in level of energy substrate 
would be expected to have a much more direct effect on other active or poten- 
tial meristematic regions, such as the buds. 

It is of interest that this discussion of the influence of some environmental 
conditions on certain aspects of the development of normally growing plants 
can be best summed up by quoting conclusions formed from tissue culture 
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studies. Skoog and Tsui (1951) state ». . . our findings suggest both organ 
formation and subsequent development are brought about by quantitative 
changes in amounts and interactions between nutrients and growth factors 
which are essential for the growth of all cells, so that the pattern of develop- 
ment is determined by the relative supplies through synthesis, transport, and 
accumulation of these materials at particular loci». 


Summary 


With young ryegrass plants in the vegetative phase of development there 
is little inhibition of lateral buds when the plants are in conditions favouring 
vigorous growth. Evidence is presented that inhibition of the lateral buds 
tends to be induced by shading or reduction of the period of illumination, 
high temperature, or partial defoliation. The extent to which a change in one 
of these factors affects bud development depends on the level of all other 
factors. The ease of inducing bud inhibition is also influenced by genotype. 

The longer a bud has been inhibited, i.e., the further it is away from the 
apex, the more difficult it is to stimulate it to resume development and 
generally the lower the vigour of the tiller which develops from it. Similarly, 
the further a bud has developed before experiencing conditions favouring 
inhibition the more difficult it is to halt its subsequent growth. 

As the treatments which have been found to influence bud development all 
control either the potential rate of formation of the energy substrate for 
growth, or the potential rate of its utilisation in growth and respiration, it 
is concluded that in these types of ryegrass the development of -the lateral 
buds can be regulated by the general level of energy substrate in the plant. 

Although the results presented are in agreement with the »diversion» 
theory of auxin action, it is suggested in the light of current evidence that 
there is probably also direct interaction between the auxin reaction system 
and general level of energy substrate in the plant. Raising it may increase the 
concentration of auxin needed to inhibit bud development. If that is so the 
position of the optimum curve proposed by Thimann to illustrate the in- 
fluence of auxin on bud development will vary according to the level of 
energy substrate in the plant. 
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I. Introduction 


The conductance bridge and electrode system to be described was deve- 
loped for following the effect of growth regulators and various environmental 
factors on the time course of ion exchange in plants. It has proved very 
useful for following both the exosmosis of salts from roots and sections of 
storage tissue and the absorption by plant roots from dilute, single salt 
solutions. In experiments involving salt loss from tissues, or the uptake of 
salts from complex solutions, the conductance measurement yields informa- 
tion pertaining only to the charge carrying capacity of all ion pairs and must 
be correlated with other assay methods for further details as to the specific 
ions being exchanged. However, even here, the recording bridge gives a time- 
course picture of the exchange pattern which cannot be had by other methods 
except those involving radioactive tracers. Where single salts are involved, 
the interpretation of the results is much simplified by the presence of the 
ions of only one salt. It is this type of application in which the present bridge 
has proved most useful. 

Several recording bridge systems have been described recently (Lunde- 
gardh 1949 and Wolf, Brown and Goddard 1952), but either the response 
has not been linear with respect to large changes in conductance or else the 


detector has not been phase sensitive. The bridge-recorder system to be 
described includes both of these characteristics. 
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Figure 1. Basic circuit of a linear conduct- 
ance bridge. 


II. Principles of Bridge 


In Figure 1 is given a simple diagram of the basic elements of the con- 
ductance bridge. The applied voltage V is derived from a low impedance 
source powered by an ac voltage regulator of the electronic type; V is there- 
fore constant. The detector A is an amplifier whose input impedance is so 
large compared to M and R that it may be considered as deriving no power 
from the bridge. The bridge is balanced at the start of an experiment by 
means of R and therefore the emfs across M and R are initially equal. 

A simple analysis of the circuit of Figure 1 shows that, if the ratio of 
R/X or the product RL is sufficiently small, the unbalanced emf, de, will be 
closely proportional to the change in conductance dL and therefore to the 
change in salt concentration of a dilute solution dC. At balance: 
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The unbalance emf is then approximately proportional to the change in con- 
ductance. Therefore, for an error of 1 per cent, the bridge ratio N/M must 
be 200. 

When the bridge is used to measure the rate of salt loss from plant tissues, 
the values of L increase, and therefore the limiting ratio arm values N/M 
must be determined for the largest values to be encountered rather than for 
those at balance. If the bridge is to be used for measuring salt absorption, 
the ratios become more favorable as the bridge becomes unbalanced, and 
therefore the limiting ratios are determined for the balance condition. 


III. Complete bridge 


The ratio value given in the bridge circuit diagram of Figure 2, for a 
bridge now in use, is 100. This permits salt absorption studies to be made 
with an error of less than 2 per cent. Since, in actual use, the bridge is 
balanced on known values of conductance, at both limits of the recorder 
chart, the errors are less than half the calculated values. Therefore the actual 
error for a ratio of 100 is considerably less than 1 per cent. 

The sensitivity of the bridge de/dL is approximately equal to the product 
of applied voltage and the resistance of the balancing resistor R. Excessive 
bridge voltage causes polarization errors at 60 cycles per second, especially 
in high conductance solutions. Therefore only 2.5 volts RMS were used, as 
supplied by a filament transformer powered by an ac voltage regulator. The 
value of R at balance is determined by the ratio N/M. While large ratios 
yield increased precision, the sensitivity decreases proportionately. 

The initial balance is obtained by either of two 10-turn helical type poten- 
tiometers, R, or R,, depending on the setting of switch S, to cover ranges 
of approximately 100 to 5000 ohms and 1000 to 50,000 ohms respectively. 
R, serves as a fine adjustment especially useful when working at the lower 
limits of the potentiometers. It introduces an error of less than 0.5 per cent. 


IV. Electrode vessel system 


The details of the complete electrode vessel and bridge assembly are given 
in Figure 2, and the schematic circuit for the amplifier and phase sensitive 
detector is given in Figure 3. The electrode vessel for single plants contains 
a medium porosity sintered glass disc sealed into the bottom of the vessel 
for introducing a stream of very small air bubbles which aerate the solution 
in contact with the roots and which also cause the solution to circulate past 


A LINEAR RECORDING AC CONDUCTANCE BRIDGE 447 


LES Se 
= 
ID 
Water 
To Cell No. 2 7 
SSS} ac Capillar 
-02mm 
Capillary 
Thin wall 
jme sn Constant 
646 Level Vessel 
--1 5, 
15 min. 
Cycle Timer Contsctanse 
100 K 
Sintered Disc 
Air Inlet 
Ry 
500 


6SF5 


lo-Vv | 
60Cy | r 
Regulated 


so 


Figure 2. Conductance cell and bridge circuit assembly. 


700-V, 60 CY 


AC AMPLIFIER PHASE DETECTOR DC AMPLIFIER 


Figure 3. Schematic circuit of amplifier and phase sensitive detector. Resistances are given 
in ohms and capacitances in microfarads. 
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the electrodes. As water is lost by evaporation into the air stream and by 
transpiration from the plant, the volume level is maintained constant by a 
continuous flow from a small constant level vessel connected to the main 
vessel by a siphon of thin wall capillary tubing. The capillary is turned up 
at the end in order to prevent air bubbles from collecting and breaking the 
siphon. The capillary tube is sufficiently small in diameter to make the 
velocity of water flow greater than the velocity of ion diffusion out of the 
vessel. The constant level vessel is kept supplied with distilled water from a 
reservoir. The flow from the reservoir is controlled by capillary thermometer 
tubing of such diameter that there is always a slight excess in flow. The 
overflow drips into the constant temperature bath in which the electrode 
vessels are mounted. 

The electrodes consist of platinum wire, 0.5 mm in diameter, with a spacing 
and length such as to keep the conductance values within the range of about 
300 to 30,000 ohms. For concentrations varying from 10? M to 10-* M of 
the common nutrient salts, 2 mm spacing and a 1 cm length yield a cell 
constant within a measurable range. The electrodes are platinized with pla- 
tinum black in the usual manner for conductance measurements. 

The conductance of two separate systems may be recorded by the use of 
a synchronous motor type of cycle timer (S,, figure 2) which switches the 
bridge from one pair of electrodes to the other in a sequence that applies 
one electrode to the bridge for approximately twice the time of the other. 
With such a system, two curves are plotted as shown in Figure 4. The con- 
ductance values of one electrode are, therefore, distinguished from those of 
the other by the length of the dashes. 


V. Amplifier 


The amplifier schematic is given in Figure 3 and is quite conventional in 
most respects. The only special precautions necessary are to maintain single 
point grounds for the bridge and amplifier first stage. Since the bridge 
operates at 60 cycles, it is especially sensitive to 60 cycle field pick-up, The 
amplifier gain is such that one millivolt produces full scale deflection on 
a one milliampere meter or recorder. The reversing switch S, controls the 
direction of the deflection for following either decreasing or increasing 
changes in conductance. The switch S, is used during the balancing and 
prevents damage to the recorder for large off-balance deflections during 
adjustments. 
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Figure 4. Double graph record showing absorption of KNO3 and KCl from 10-3 M solu- 
tions by individual Black Valentine bean seedlings. 


VI. Operation 


At the start of an experiment, the culture-electrode vessel is filled with the 
solution and, with air flowing through the sintered disc, the initial value of 
the conductance is determined. By proper choice of limits on the scale, one 
can make each unit on the record correspond to some even value of con- 
centration change. Instead of adjusting the limits by standardizing the instru- 
ment on known concentrations, it is easier to balance on the initial concentra- 
tions and adjust the off-balance limit by substitution of a dial decade resistor 
for the electrodes, setting it at the resistance value representing the limit of 
deflection desired. For dilute solutions, the resistance can be considered as 
inversely proportional to the concentration. Tests with the instrument in the 
range of 10—? M KCl show that the linearity error is less than 1 per cent. 

Figure 4 shows a representative record taken from a pen recorder showing 
the relative rates of uptake of two Black Valentine bean plants, one in 
10? M KCI and the other in 10° M KNO,. The bridge was standardized on 
10-8 M KCl and 10-? M KNO, at zero on the chart and then the amplifier 
gain was adjusted to give a deflection of 8 on a resistance of five times that 
used for the standardization. The limits were then 10X10—* M at zero and 
2x10-* M at 8, thus giving each large scale division a value of 10-* M. 
The bridge can record full scale resistance ranges of from }/,) to 10 times 
the balance value for most salts between 10—? M and 10? M concentration. 
Thus such full scale ranges as 10? M to .9X10-* M or 10”? to 10-* M can 
be recorded. 


Summary 


An off-balance recording 60 cps ac conductance bridge is described for 
continuously recording ion exchange in plants. A discussion is giver of the 
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selection of bridge parameters which yield emf values proportional to solu- 
tion conductance and therefore proportional to concentration of dilute solu- 
tions. The amplifier is terminated with a linear-response phase sensitive 
detector which drives the recorder. 
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One of the most serious limitations to the study of naturally occurring 
auxins has been the lack of any sensitive methods for their separation and 
chemical identification. Similar difficulties are met when dealing with the 
synthetic auxins, e.g. 2,4-dichlorophenoxyacetic acid (2,4-D) where the only 
sensitive chemical test is completely non-specific, being given by a whole 
range of homologues (Freed, 1948, Marquardt, and Luce, 1951). In the last 
few years, however, rapid improvements in the methods of chromatography 
have enabled plant physiologists to adapt this technique to the study of 
auxins. A pioneer in this field is Bennet-Clark who has applied the methods 
of paper partition chromatography to the study of the naturally occurring 
auxins in cabbage leaves, etc. (Bennet-Clark, Tambiah and Kefford, 1952). 
On the Continent alumina columns have been employed to separate active 
compounds in leaves of Sambucus etc. (Linser, 1951). The active material 
can be eluted from the column or the paper, its Rf value determined with 
fair accuracy, and, if a sufficient quantity is available, a concentration- 
activity curve can be determined in any suitable auxin assay. These two 
types of observation, coupled with colorimetric tests and comparisons with 
the behaviour of synthetic compounds, enable the chemical nature of the 
natural auxins to be determined with a fair degree of certainty. 

In the method employed by Bennet-Clark and by Linser Avena coleoptile 
has been used as the assay material. Used in the straight growth test, it is 
sensitive to .01 parts per million of ß-indolylacetic acid (IAA). The assay to 
be described involves the growth responses of sections excised from the 
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growing zone of pea roots (see Audus and Shipton, 1952). The main advantage 
of this method is that much smaller quantities of natural auxin can be 
detected and, under favourable circumstances, measured. The assay procedure 
is also considerably simplified. Other advantages will be discussed after the 
technique itself has been described. 


Technique 


The method of chromatography was based on that described by Bennet- 
Clark et al. (1952). Since the techniques of running the chromatogram etc. 
were entirely the conventional ones, they will not be described in further 
detail. They were always run in air. The paper strips, 1 !/, inches broad by 
20 inches long, were cut from Whaiman’s No. 1 paper. 


The nature of the solvent has to be chosen with care since it must be such 
that a suitable separation of auxins is effected on the chromatogram and, in 
addition, it must be completely volatile so that the subsequent growth of root 
sections in the assay is not impaired by slight toxic residues left behind. 
A wide range of solvents was investigated in preliminary studies and the one 
which has been found satisfactory on both these counts has the following 
constituents. 


100 parts isopropyl alcohol 
10 parts distilled water 
10 parts concentrated ammonia. 


After marking the position of the solvent front and drying, preferably by 
use of an infra-red lamp, the whole or part of the dried chromatogram is cut 
up into narrow transverse strips, the total number being limited by the num- 
ber of separate assays that can be conveniently carried out at any one time. 
This is usually of the order of 20. Each strip is then wrapped round a small 
square of glass (1.5X1.5 cm.) cut from a microscope slide, the ends of the 
strips being underneath (see figure 1). Strip and glass are now inserted into a 
small cylindrical glass vessel 2.5 cm. in diameter and 2 cm. high. A small 
quantity of a solution of 0.5 per cent sucrose in glass distilled water is then 
added to saturate the paper and act as growth medium for the assay material. 

This assay material consists of ten 2 mm. sections excised from the growing 
zone of the roots of three day old pea seedlings as described in a recent 
publication (Audus and Shipton, 1952). These sections are taken from a zone 
extending from 2 to 4 mm. from the extreme tip and show greater extension 
than any similar sections cut from any other part of the root when sub- 
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Figure 1. Design of growth vessel. 


A. Paper strip from chromatogram and glass support (seen from below X2). 
B. Ditto with paper strip folded under for insertion into growth vessel (X2). 
C. Growth vessel seen in section (X1 1/2). 


sequently grown in sucrose solutions. Before the commencement of the assay 
these sections are washed in glass distilled water, surface dried with filter 
paper and then rapidly weighed to the nearest 0.1 mg. on a micro-torsion 
balance. They are then transferred immediately to the surface of the filter 
paper strip and the growth vessel stoppered up with a cork possessing a 
central hole plugged with cotton wool (see figure 1). The growth vessels 
are then placed in an incubator in the dark at 25° C and in as saturated 
an atmosphere as possible. Growth is allowed to continue for a standard 
period (e.g. 24 hours) and then the sections are surface dried again with 
filter paper and weighed to the nearest 0.1 mg. Control strips are always cut 
from the filter paper above the auxin spot so that any slight effects which 
might arise from the presence of residual solvent are thereby taken into 
account. With the solvent detailed above no such effects have as yet been 
observed. The ratio of the growth of the sections on any one strip to the 
mean growth of sections on the control strips (usually two or three controls 
for each chromatogram) is then determined and a graph plotted showing 
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the relationship of growth response of the root sections to the respective 
position of the strip on the chromatogram. The positions of active compounds 
and their Rf values can thereby be determined directly from this graph. 


Growth conditions for maximum sensitivity 


Maximum growth, which gives maximum sensitivity, can be attained by 
the use of relatively large quantities of solution such that at no time during 
the extension phase of these sections, i.e. up to 60 hours, is the availability 
of water a limiting factor. But a large quantity of water in the growth vessel 
will reduce the sensitivity of the method since it will increase the dilution 
of growth substances in the strip and therefore reduce the response. It is 
therefore necessary to strike a compromise and so experiments were carried 
out to determine the optimal amount of sucrose solution to use. Quantities 
of sucrose from 0.1 ml. to 1 ml. were studied and the total growth over 
24 hours (i.e. increase in fresh weight) was measured. The results are shown 
in figure 2. It will be seen that very little growth is obtained with quantities 
of solution of the order of 0.1 ml. since the sections are incapable of removing 
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Figure 2. Relationship between the total growth of root sections (percentage increase in 
fresh weight) over 24:hours and the quantity of sucrose medium in the growth vessel. 
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this water from the filter paper. There is however an approximately linear 
increase in the growth up to 0.5 ml. with an optimum at about 0.6 ml. 
Beyond this point growth declines and this is due to the effect of water- 
logging on the sections, whose growth is extremely sensitive to oxygen supply. 
The growth obtained at the optimal point corresponds to an increase in fresh 
weight of about 140 per cent and this was felt to be quite sufficient to allow 
accurate determinations of response to growth substances. However, this is 
not the maximum growth that can be obtained since, under optimum condi- 
tions of water supply, a total increase of about 220—230 per cent occurs. 
It was obvious therefore that in the later stages of growth the water was 
limiting even with a 0.6 ml. supply and this necessitated an investigation of 
the growth progress curves in order to ascertain the optimum growth period. 
Experiments using 0.75 cc. of sucrose gave the curve illustrated in figure 3, 
where it will be seen that the growth rate remains relatively steady over a 
period of 24 hours and then suddenly declines to zero when the water supply 
becomes limiting. Comparison with sections grown with a plentiful water 
supply (technique previously described (Audus and Shipton, 1952)) shows 
that under those conditions extension continued for as long as 70 hours 
although initial growth rates were in no way different (see Fig. 3). 24 hours 
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therefore seems to be the optimum growth period with these quantities of 
solution. In the final assay technique standard quantities of 0.75 ml. of 
0.5 per cent sucrose have been used and growth increases have been deter- 
mined after 24 hours. 


Relationship of growth response to auxin concentration 


A series of calibration experiments was run with a range of IAA and 
2,4-D concentrations in the sucrose solution. These were intended to serve 
two purposes; firstly to check whether responses of sections to the hormones 
were the same as those of sections grown under conditions of unrestricted 
water supply and secondly to serve as a basis for the subsequent quantitative 
work on plant extracts and to determine limits of accuracy of the assay 
method. 

The concentration ranges used were from one part in 10’? which should 
mark the lower limit of stimulation with IAA, to one part in 10° which 
gives a high degree of inhibition. This covers the range of possible concentra- 
tions likely to be met in extracts. The same range was also used for 2,4-D. 
The results of these calibration experiments are illustrated in figure 4. 
Responses are recorded as total increase in fresh weight of sections in 24 hours 
expressed as a percentage of control growth on sucrose alone. It will be seen 
that IAA gives significant stimulations of growth at concentrations of 10~™ 
and 10—1° and that there is a progressive increase in inhibition beyond about 
10°. This is precisely the type of response obtained in sections growing with 
unrestricted water supply (see Audus and Garrard, 1953). Similarly there is 
no stimulation to be observed in 2,4-D at any concentration but instead a 
much greater inhibition at the higher concentrations. Thus even at con- 
centrations of 10-'! and 10° inhibitions of 6.2 per cent and 8.8 per cent 
are observed and these are both significant at the 1 per cent level. 

Our main concern is the accuracy with which unknown concentrations of 
auxins can be estimated from these curves by using single observations of 
response. Determinations of the coefficient of variation from all the data 
of these curves (total of 132 responses) show that over the range of small 
responses (up to and including concentrations of 10—* in both auxins) there 
are no differences in variability induced by the different auxins or in the 
different concentrations. At higher concentrations, although the absolute 
variability decreases the coefficient of variation increases significancy due 
to the low values of the mean growth. The ultimate value of this method 
depends largely on the detection and establishment of small responses, viz. 
in the low concentration range. Here the mean coefficient of variation 
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Figure 4. Calibration curves showing the relationship of root section growth response to 
concentration of IAA and 2,4-D under the conditions of the assay (0.75 ml. of 0.5 per cent 
sucrose). Each circle represents the mean of a number of determinations each on 10 sec- 
tions, the number of determinations being recorded over each mean. The vertical lines 


through each mean extend to + the standard deviation (o) on either side. 
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(100 o/x) is 9.6+1.6 per cent. Thus any single assay determination which 
departs more than about 15 per cent from the mean control value should 
be looked upon as needing further investigation (probability of chance occur- 
rence about 0.1) while departures of 20 per cent can be looked upon as a 
certain indication of an active substance (probability of chance occurrence 
about 0.05). There is some hope that further improvement and standardisa- 
tion of the conditions of growth of seedlings providing this root material 
may eventually reduce variability considerably and therefore increase sensi- 
tivity and precision accordingly. Such investigations are at present being 
actively pursued. 

Even so with this relatively high variability there is reasonable expectation 
of detecting IAA at a concentration of 10-!! since this concentration gives a 
mean stimulation of 18.4 per cent (see figure 4) under these conditions. This 
lies just on the 5 per cent probability point and means that the method will 
detect this concentration of auxin in 19 out of 20 assays. The amount of IAA 
represented by this concentration is of the order of 10—° ug ie. a sensitivity 
far greater than that obtained in the Avena coleopile straight growth assay. 
However, the method is not capable of giving more than an indication of the 
order of concentration at these extreme dilutions since detectable stimula- 
tions ought to be expected occasionally from concentrations varying as widely 
as 3X 10-1? to 3 X10—1° corresponding to total amounts of IAA varying from 
2x 107°. 18 tooo x 10-* ae. 

Concentrations of 10° (equivalent to about 10° ug) will not be detected 
since the curve crosses the control growth line at this point. For any com- 
plete assay of a plant extract therefore a series of chromatograms would 
have to be run using different dilutions of the test solution in each one. In 
this way the concentration could be brought into the stimulatory region of 
the curve and the quantity could therefore be detected and roughly estimated. 

The significant inhibition of growth commences at a concentration of 
about 3X10-® (corresponding to about .022 ug) and this increases pro- 
gressively as the concentration rises. The region of concentration over which 
quantitative measures can be made starts at this point and continues up to 
abou 10° (equivalent to about 10 ug). Beyond this point inhibitions are 
virtually complete and offer no opportunity of concentration determinations. 
The accuracy of determination of concentration over this inhibiting range 
is, with this coefficient of variability, of about the same order as that for 
other biological assay methods where response is proportional to the loga- 
rithm of the concentration (e.g. Avena coleoptile section straight growth 
method). 

2,4-D gives no stimulation and therefore the least concentration which is 
detectable at present is about 2X10—° (corresponding to .005 ug), where the 
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inhibition just begins to rise above the control variation limits. The upper 
concentration limit where inhibition is nearing completion is about 3 X10—$ 
(equivalent to about 2.25 ug). 


Determination of Rf values and the separation of IAA and 2,4-D 


The determination of approximate Rf values is first made by dividing the 
strip into ten pieces. More accurate determinations can be made by dividing 
a small portion of the chromatogram in the region of the known spot into 
a similar number of pieces. Two such accurate determinations of Rf for 2,4-D 
and IAA are reproduced in figure 5. Isopropyl alcohol-ammonia was used 
as the developing solvent. It should be noted that 2,4-D gives a very large 
spot in this determination and this is due in part to the large amount used 
(5.3 ug). This is made more obvious in the graphs by the fact that the 
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Figure 5. Two typical es 5 
graphs, (A) of a drop of pure De 
solution containing 5.3 ug of the com- S 
pound and (B) of a drop of IAA solu- 100 
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Figure 6. Two chromatogram graphs of 

IAA and 2,4-D mixtures. 

A. A mixture of 1.1 ug IAA + 1.1 ug 
2,4-D. 

B. A mixture of 10—* ug IAA + 1.0 ug 
2,4-D. 

(Solvent: isopropyl alcohol-ammonia.) 
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response itself is plotted. This response, being proportional to the logarithm 
of the concentration, causes a great flattening of the curve of the spot. Thus 
the concentration at Rf 0.78, where inhibition is still significant, is only about 
one hundredth that at the peak inhibition (Rf 0.62). This »sensitivity spread» 
may cause some difficulties if it is necessary to detect two auxins of similar 
Rf values but this does not arise with IAA and 2,4-D which are widely 
separated. 

The results of running a chromatogram of an artificial mixture of two 
compounds is shown in figure 6. In the top graph we see the results of using 
a mixture of equal amounts of the two compounds in relatively high con- 
centrations. In the bottom curve the same amount of 2,4-D has been used 
with a very small quantity of IAA (10—* ug). It will be seen that in both 
there is a high precision of separation. The latter curve also shows that this 
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very Small quantity of IAA can be detected without difficulty even after 
running on a chromatogram. The Rf value for 2,4-D works out at between 
0.73 and 0.77 while that for IAA is between 0.4 and 0.43. 


Quantitative Relationships 


The question which now arises is how far the method may be used in 
quantitative determination of auxins on the chromatogram. The accuracy 
will depend in the first place on the errors involved in the application of the 
calibration curves of figure 4. In addition other errors arise due to (1) decom- 
position losses during the running and the growth period of the assay; 
(2) the lack of complete equilibration of the growth substance between the 
sugar solution and the paper during the course of the assay. The first of 
these would be expected to give responses that are too low, i.e. an under- 
estimate of concentration. The second would tend to give responses that are too 
high owing possibly to the retention of auxin on the paper giving a high 
local concentration in contact with the root sections. This would give over- 
estimates of concentration. 

In order to get a direct measure of these errors a series of chromatograms 
have been run with known quantities of IAA and also of 2,4-D. The method 
employed has been to weigh the chromatogram paper strip to the nearest 
.02 mg. on a very sensitive air-damped balance; a drop of solution of known 
concentration is then placed in an appropriate position on the paper while it 
is still hanging on the balance and the increase in weight immediately deter- 
mined. From the weight of the solution added the weight of the auxin con- 
tent can be simply determined. The chromatogram is then run, dried by an 
infra-red lamp, cut into strips and put into the growth chambers in 0.75 ml. 
of 0:5 per cent sucrose solution. Subsequently two types of procedure followed. 

(1) Root sections were placed immediately on the paper and the growth 
recorded over the next 24 hours in the dark. 

(2) The growth vessels were allowed to stand in the laboratory for 12 hours 
to allow equilibration of the auxin between sucrose and paper before the 
sections were placed in them and growth followed for 24 hours. Rf graphs as 
shown in figure 5 were then plotted and for each response point (if more 
than one) the concentration was read from the calibration curves (figure 4), 
taking the position midway between the two lines as representing the true 
growth relationship. Assuming the concentration to be uniform throughout 
the 0.75 ml. of sucrose, the total quantity of auxin in the spot can be cal- 
culated. Thus a concentration of 10-7 would be equivalent to an amount of 
0.075 ug of auxin. Scatter diagrams were then constructed of the es imated 
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Figure 7. Chromatogram 
assay calibration graph for 
2,4-D showing relationship 
between amounts added 
and amounts estimated 
from assay. Closed circles 
— immediate assay. Open 
circles — equilibration for 
12 hours with sucrose solu- 
tion in growth vessel be- 
fore assay. 
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amount of auxin plotted against the amount in the original drop of solution. 
The results are shown in figures 7 and 8. 

Figure 7 for 2,4-D shows that there is a linear relationship between these 
two variants over the range investigated (0.08 to 1.6 ug). It will also be seen 
that there is no effect of equilibration time on this relationship, i.e. there is 
no change in effective concentration during equilibration. A regression coef- 
ficient has been worked out for added amount on estimated amount and 
this equals 0.77 and the regression line passes through the origin. This means 
that estimated amount is about 30 per cent higher than the actual amount and 
this holds for all concentrations. Thus the estimated values have to be multi- 
plied by 0.77 to get the nearest approximation to the actual values. This 
discrepancy can be explained by assuming that 2,4-D is adsorbed on to the 
paper giving a higher local concentration in contact with the sections. 

In figure 8 appear the results for IAA (with the range 0.07 to 1.5 ug). Here 
will be noted a marked effect of equilibration time. An immediate assay 
gives a regression of 0.995 which means that the estimated amount is a 
direct measure of the actual amount. Thus there seems to be no loss of IAA 
during the running of the chromatogram and presumably concentration 
equilibration between paper and sucrose solution takes place rapidly unless 
of course any loss is exactly offset b a local adsorption effect similar to that 
observed for 2,4-D. Such an exact mutual cancellation sees unlikely. After 
12 hours of equilibration before assaying, however, the regression rises to. 
4.28 which means that about 76 per cent of the IAA is lost from the solution 
over this period. This loss could easily be due to bacterial decomposition. 
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under these relatively unsterile conditions. Thus equilibration periods in air 
are ruled out for the chromatography of labile compounds and therefore for 
plant extracts, which may contain them. 


Work with Plant Extracts 


A few experiments have been done on extracts of seedling plants. Both 
normal seedlings and those treated with dilute 2,4-D sprays (concentration 
10%) have been studied. Plants were harvested, washed to remove 2,4-D 
from the surface of treated plants, homogenised in a Wareing-blendor and 
extracted with peroxide-free ether. The extracts were concentrated under 
reduced pressure and small quantities of the concentrate run on a chromato- 
gram. Some results from sunflower seedlings are given in figure 9. 

It will be noted that in both treated and control plants there is a significant 
stimulation at Rf 0.42, indicating IAA to be present in both extracts. In the 
treated plant extract there is a very prominent 2,4-D spot which calibration 
shows to be equivalent to about 2.5 ug per gram fresh weight of seedling. 
As we have seen previously we can only establish the order of IAA concen- 
tration, i.e. here 105 ug. This represents a concentration of 2X 10-* ug/gram 
fresh weight. There seems to be no drastic effect of 2,4-D on the IAA content 
of these plants but further work is necessary to increase the concentration 
of the extract so that it comes within the inhibition range allowing accurate 
assays. Since the technique was developed in order to investigate this problem, 
research is therefore actively progressing along these lines. 
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Figure 9. Chromatogram graphs for 
extracts of sunflower (Helianthus 
annuus) seedlings. 

A. Extract of 58 mgs. (fresh weight) 
of normal seedling. 

B. Extract of 57 mgs. (fresh weight) 
of seedlings whose leaves were 
treated on previous day with 0.1 
per cent 2,4-D solution. 
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Critique of Method 


The following advantages are claimed for the assay method described. 

(1) The sensitivity of the method is much higher than that using Avena 
coleoptile sections. This arises partly because roots are very much more 
sensitive to ß-indolylacetic acid than are coleoptiles used in the straight 
growth test. It is also partly due to the fact that much smaller quantities of 
solution can be used in the assay. If one is prepared to use a smaller number 
of ‘sections or a shorter growth period then quantities of solution of the order 
of 0.25 ml. will still give quite measurable responses. 

(2) The paper strip itself can be used as a support for the growing sections 
and this means that an elution procedure is avoided. This greatly simplifies 
the technique and shortens the time necessary for an assay. It also reduces 
the possibility of the loss of labile compounds during the elution process. 

(3) The much greater total growth of root sections as compared with 
coleoptile sections means that small responses can be more certainly detected 
and this further increases the sensitivity and precision. 

The disadvantages are as follows. (1) Although roots are extremely sensi- 
tive to low concentrations of auxins, a quantitative assay can not be developed 
in this range since the optimum stimulation curve gives an ambiguity in that 
any one stimulation (except the optimum itself) corresponds to two different 
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concentrations. No matter how much the accuracy of the assay is increased 
this ambiguity cannot be avoided except by the use of a range of different 
dilutions of the test material. 

(2) A null point of no growth response is obtained at a concentration of 
10° and this means that in single chromatogram runs this concentration will 
not be detected. To avoid this a series of different dilutions of the test material 
should be used in a series of chromatograms. 

(3) The direct use of the chromatographic paper itself as a support for 
the root sections means that errors may creep in due to lack of thorough 
equilibration between solution and paper. This may be overcome by a series 
of empirical calibration runs. 
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Introduction 


It was previously noted, using excised roots of Lycopersicum esculentum, 
that survival of the main axis tip when regularly excised and transferred 
to new medium was markedly influenced by the location in which the 
cultures were incubated (Street, McGonagle and Roberts, 1953). The loca- 
tions involved were a temperature-controlled room at 26.5+0.5° C (Location 
1) and an incubator at 27.0£0.5° C (Location 2). It was possible to list a 
large number of ways in which the incubation conditions differed in these 
two locations. The results described in the present paper were obtained in 
the course of an examination of the importance in the ‘location effect’ of 
the following factors: 


(i) temperature — this was found to have little effect on survival over 
the range 26—28° C and, therefore, to be unimportant. 
(ii) air-change —- air is drawn from outside the building through a glass 


wool filter and over an electric heater into the temperature-controlled room. 
This effects about four air-changes per hour in the room. By contrast the rate 
of air-change in our incubators must be very slow since the air is not mecha- 
nically agitated and is in connection with the air of the incubator room only 
through four small air-holes plugged with cotton wool. 

(ili) air-composition —- the air entering the temperature-controlled room 
is drawn in at a point 14.5 metres above ground level. The incubator room 
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is about 4.8 metres above ground level, is not air-conditioned and is adjacent 
to laboratories in which coal gas is being used. 

(iv) light — the temperature-controlled room is a dark-room which can 
house over 1,000 cultures. Tungsten-filament white light is, however, switched 
on.at intervals each day when cultures are being moved in and out of the 
room. In addition the room is lit with red-light for 6—18 hours per week 
when hormone assays are carried out. By contrast individual incubators 
usually house only one experiment and, as a consequence, the cultures are 
maintained in continuous darkness during their growth. 


The better growth and survival of roots cultured at Location 1, as com- 
pared with those culiured at Location 2, was found to be due mainly to the 
illumination of the cultures which occurs at Location 1. The results also 
point to an effect of differences in air-composition at the two locations, the 
extent of these differences varying from occasion-to-occasion. 


Experimental 


Culture technique 
References to the general culture technique are given in the first paper of 
this series (Street and Roberts, 1952). The technique of repeated subculture 
of the main axis tip at 7-day intervals from a first passage inoculated with 
sector lateral apices has been described by Street, McGonagle and Roberts 
(1953). Standard culture medium (Street and McGregor, 1952) has been used 
throughout. 


Experiments carried out in the temperature-controlled room (Location 1) 


In earlier work it was found that the average period of survival was much 
greater in the temperature-controlled room (Location 1) than in the incuba- 
tors (Location 2) and that growth values and particularly main axis length 
were usually significantly higher in Location 1 than in Location 2 (Street, 
McGonagle and Roberts, 1953). The series of experiments described in this 
section were designed to establish at Location 1 the less favourable growing 
conditions of Location 2. Clean biscuit tins (252422 cm.) with well- 
fitting lids were used at Location 1 as imitation incubators. Each tin could 
hold 15 culture flasks in a single layer; by resting a square of zinc gauze 
on the upturned beakers of the first layer of cultures a second layer of 15 
flasks could be accommodated. Such tins were used to set up the following 
four ’incubator’ types: 

(i) ’Closed’ type; unmodified tin with the lid sealed on during incubation 
with a ring of adhesive tape. 
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Table 1. Comparison of the survival and growth of roots in the ’closed’ and ’holed’ ’incu- 
bator’ types in successive weekly passages. (Experiment No. 1). 


ze] 


’Closed’ type ’Holed’ type 
Passage Increase in : Increase in 
ï ; | No. of lateral 
No. a length of main Ne. 2 sees pages length of main due ee = 
Pr axis (mm.) P ; : axis (mm.) 
1 30 61.7 31.1 30 66.5 33.1 
2 29 58.7 30.0 30 78.9 40.7 
3 26 55.1 12.8 30 66.1 20.8 
4 21 26.7 4.7 29 56.3 13.3 
5 6 21 


(ii) "Holed’ type; ten evenly spaced holes each 1.5 cm. in diameter were 
made in each of the four upright walls of the tin. The lid was sealed on 
as in type (i). 

(iii) "Perspex lid’ type; the tin lid was replaced by a perspex lid fitted on 
in a similar manner. 

(iv) ’Aerated’ type; two holes were made in the tin lid and into these metal 
tubes were fitted. One tube carried a glass tube going down almost to the 
base of the tin, the second carried a short glass tube ending above the level 
of a double layer of culture flasks. The glass tubes were sealed in and the 
lid sealed on the tin so as to exclude light but allow a gentle stream of air 


Table 2. Effect of variation in the number of root cultures per tin and of the presence 
of flasks of uninoculated medium on growth and survival in the ’closed’ type ’incubator’ 
during successive weekly passages. 


TC=experimental tip cultures; SC=sector cultures; M=flasks of uninoculated medium. 


’Holed’ type ‘Closed’ type 
TC=15 3XTC=5 TC=15+ScC=15 |TC—15+M—15 
q 2 a a a 2 = 2 
er, aa) PE ay eee ee Dee es oe à 
‚alzlaggls 2884) s_| 2 |s85| 5 2085| ss 
£/e/2/852| 23|3|a52) Sa) assé) 23 [8 938 35 
ee or Sk [ss | oss © À Js Da SE 2/°S~| Ga 
a ee seo SE ba 5 Po Se Eu BEN ok z a ae su 
aläla a8 z2 lg E28 28) à | 88h | 28 |Z3 es] oe 
1/15] 63.8 | 31.5 |15| 58.8 | 28.3 | 15 60.4 31.6 |15 4 28.3 
2 | 2 15| 75.9 38.2 |12| 57.9 19.2 13 59.8 19.8 |14| 61.0 20.0 
3 |14| 70.6 31.7 6| 44.3 14.5 4 61.0 16.1 5| 53.4 17.6 
2 X TC=10 2 X TC=10 2 X TC = 10 + M = 20 
1 |20| 62.2 37.7 |20| 60.4 39.2 20 57.4 26.5 
3 | 2120] 742 | 42.2 |20| 58.4 | 26.5 | 19 53.0 28.3 
3118| 72.1 33.1 9! 59.8 24.9 8 58.9 25.6 
4 115] 585 | 19.3 | 6] 44.5 9.5 6 51.2 14.6 
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Table 3. Comparison of the survival and growth of roots in four ’incubator’ types during 
successive weekly passages. 
a 


Closed’ type *Aerated’ type *Holed’ type ’Perspex lid’ type 
Alert = a : = a 3 = oe ’ = 2 
2|z2\|257| 5 2|387 S-\2\ Sea! §& [2lsée) § 

Pipe pees Nes a eee) ce: 
Sega lee |e) see| se re Bein SEE Bhar 8 

a a En (a= tw 1 > | à © w 2% = LE to 2 RATER LA 
Pee ae ede So ole oa So |) eee lO og ls lea | 55 
Oecd at ste eS | oe ens Se em ben See à 
10151623 34.3 |15| 67.5 40.2 |15| 69.5 38.4 |15| 67.0 34.3 
2/15) 59.8 25.3 |14| 57.9 22.6 |14| 70.6 35.0 |14| 70.1 28.2 

4 3 |11 64.5 25.8 8| 60.4 24.6 |14| 75.3 34.5 113; 78.2 31.3 
4 110| 64.2 20.0 7| 58.6 23.1 |14| 68.7 29.1 |13| 60.0 17.0 

5 | 8| 44.7 12.9 6| 48.2 24.0 |14| 49.4 16.0 |12| 48.8 12.4 

1 115, 64.0 25.3 |15| 69.3 30.0 |15| 72.1 32.9 |15| 73.5 29.5 

MAL oes) ala 54.7 14.4 999.9 17.09 ALS mE 7687 27.9 | 14). 73.8 23.0 
Sele oun 0-9 28.1 9} 68.8 27:90:67 29.8 |13| 68.2 23.5 

R 4| 8| 65.9 20.0 8| 60.0 21.0 |13| 66.8 24.7 |12| 67.1 12.6 
el ll 287-1151 971.8 29.6 15| 74.3 HE | lei ler 27.6 

B| 2 |13| 56.5 19.7 9| 59.4 20.6 |15| 81.1 30.9 |14} 68.9 16.5 
3110| 53.6 13.1 6| 56.7 15.8 |14| 68.1 16.7 |12| 58.6 15.2 

4| 7| 52.6 16.4 6| 46.2 14.5 |12| 58.1 13.3 |12| 56.1 10.9 


from the temperature-controlled room to be drawn through the tin by means 
of a water pump. 


The experimental treatments studied were obtained by use of these dif- 
ferent incubator’ types and by variation of the number of root cultures and 
flasks of uninoculated medium per tin. Results are presented in Tables 1—3. 
Experiment No. 1 (Table 1) showed that better growth and survival occurred 
in the ’holed’ as compared with the ’closed’ type tin. It was tentatively con- 
cluded that the poor growth and survival in the ’closed’ type tin was due 
to the exclusion of light, or to the accumulation of a toxic volatile substance 
in the tin or, and this seemed unlikely, to depletion of oxygen. In Experiments 
No. 2 and 3 (Table 2) ’closed’ type tins were set up containing from 5 to 15 
experimental cultures per tin, and others containing 10 and 15 experimental 
cultures together with additional flasks of uninoculated medium or sector 
cultures. These alterations of the culture or flask density per tin did not 
significantly modify the ’closed’ tin effect. This strongly indicated that it 
could not be attributed to oxygen depletion or to the accumulation of some 
toxic substances emanating from the growing roots, the culture medium or 
the cotton wool plugs. In Experiments Nos. 4 and 5 (Table 3) ‘aerated’ type 
tins were employed and confirmed that neither oxygen depletion nor accu- 
mulation of a toxic substance was responsible for the ’closed’ tin effect. The 
beneficial effect of the ’holed’ as against the ’closed’ tin was, however, repro- 
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duced by using a ’Perspex lid’ type tin in which air movement was as 
restricted as in the ’closed’ type but which like the ’holed’ tin allowed light 
to enter. It was, therefore, concluded that exposure to the artificial light in 
the temperature-controlled room was the factor accounting for the differences 
in growth and survival of roots grown in the ’closed’ and ’holed’ type tins. 
The only consistent difference between roots grown in the ’Perspex-lid’ and 
the ’holed’ type tins was that the values for number of laterals per root was 
lower in the former (Table 3). This suggested that some suppression of 
lateral development occurred at the rather higher light intensity resulting 
from the use of a Perspex lid. These results strongly pointed to light as a 
factor involved in the location effect. 


Experiments carried out in incubators (Location 2) 


The beneficial effect of light found in the experiments at Location 1 was 
now examined at Location 2. The standard type of incubator used had 
double doors; an outer metal door and an inner glass door. Two such incu- 
bators were placed side by side facing away from the single window located 
in the south wall of the incubator room. The outer door of one incubator 
was removed so that its cultures were exposed to diffuse daylight of low 
intensity during the day. This intensity was variable and there was a gradient 
of increasing intensity from back to front in the incubator. The incubator 
temperatures were carefully matched and it was shown that the front to 
back temperature gradient within the incubator resulting from removal of 
the outer door did not exceed 0.2° C. within the space occupied by the 
cultures. The growth and survival of roots in the ‘light’ and ’dark’ incubators 
were compared in Experiments Nos. 6 and 7 (Table 4). In Experiment No. 7. 
a third set of cultures was established using the same sectors and was 
incubated simultaneously and at the same temperature in the temperature- 
controlled room (Location 1). The results, obtained at Location 2, showed 
clearly a beneficial effect of light on both growth and survival similar to 
that observed at Location 1. Low levels of growth such as occurred in Ex- 
periment No. 6 had been encountered previously with cultures grown at 
Location 2. Furthermore growth in the ‘light’ incubator in Experiment No. 7, 
though superior to that in the ’dark’ incubator, was inferior to that achieved 
in Location 1 during Passages 2 and 3. These results fitted in with other 
unpublished data which suggested that, in addition to light, some other 
factor, varying in intensity from occasion-to-occasion, was involved in the 
location effect’. If this factor is deleterious to growth and survival then it 
operates at greater intensity at Location 2 than at Location 1. These consi- 
derations suggested the additional factor might be air pollution. This hypo- 
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Table 4. Comparison of the survival and growth of roots in ‘light and ’dark’ incubators 
(Location 2) and in the temperature-controlled room (Loation 1). 


rm mm mm és 
| : 8 2 
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& Treatment and mean eo|s|8og| Se 
u temperature °C S Elo OR Notes 
x's sie |S 48) 0% 
QZ MN Ay Re Eyal ee yes 
a a | ee eee 
1 28 44.2 17.0 P 
‘Dark’ Incubator (28°) Dy 06: sk oa Alera Cor And Brittle, 
: 3 117 51.9 14.6 with secondary laterals. 
1 |28 | 49.6 | 20.3 
’Light’ Incubator (28°) 2 est 24.3 
3211226 83.3 30.6 
11224 62.0 36.7 | 4 with secondary laterals. 
Dark’ Incubator (27°) 2= | 21 68.4 35.3 | 3 with secondary laterals. 
Ba pS) 68.1 34.9 | 3 with secondary laterals. 
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*Light’ Incubator (27°) CITES | 40.4 | 1 with secondary laterals. 
: 3 24 93.7 43.8 
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room (27°) 2 | 25 | 103.8 | 58.6 
3 | 25 | 103.0 53.6 


thesis was supported by an experiment (No. 8 A and B) at Location 2 in 
which a slow current of air was blown into the lower part of two ’light’ 
incubators (Incubators I and Il). Better growth and survival was shown 
to occur in the incubator whose air stream had passed an absorption tower 
of activated charcoal (Table 5). In both cases the air stream passed a cotton 
wool filter and a wash bottle of distilled water. During the first stage (A) 
of the experiment Incubator I and during the second stage (B) Incubator II 
received the charcoal-filtered air. Separate sets of cultures, established from 
sectors were used for the two stages, and within each stage main apices were 
subcultured. The arrangement of the experiment into stages A and B showed 
that the beneficial effect of the charcoal was repeatable on separate occasions 
and that the results were not due to some difference between Incubators I 
and II. 

It is interesting to note in connection with the results above that Robbins 
and Maneval (1924) described a beneficial effect of light on survival when 
they attempted to maintain excised maize roots in culture and that White 
(1943), on general grounds, stressed the desirability of reducing air pollution 
to a minimum in excised root culture laboratories. 
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Table 5. Effect of air-composition at Location 2 on the growth and survival of roots grown 
in ‘light incubators at 27° + 0.5. 


 ————————ZZ 


iv rcoal 5 Increase in No. of 
Experiment |Incubator ee de Passage Survival length of main| laterals 
Ne. No. absent — Ne. ne axis (mm.) | per root. 
1 28 57.4 24.3 
I + 2 27 65.9 28.6 
8) 25 
8A 
1 27 49.3 21.0 
Il — 2 25 51.4 21.8 
3 18 
1 28 61.3 28.4 
Il + 2 28 Pen 34.3 
3 28 
8B 
1 28 52.5 23 
I — 2 27 71.9 30.1 
3 24 


Effect of artificial light of controlled intensity on the growth of excised roots 
of L. esculentum 


The evidence that light has an effect on the growth and survival of excised 
tomato roots was obtained, as described above, in experiments in which 
light of variable and undetermined intensity and duration was employed. 
Similar experiments, conducted by E. H. Roberts in our laboratory, have 
now shown that light has a rather more marked effect on roots of L. pim- 
pinellifolium. An apparatus was, therefore, constructed which enables excised 
root cultures to be evenly illuminated either continuously or for controlled 
periods with light of known intensity. This apparatus consists of six inter- 
connected sections, arranged and constructed as shown in figure 1. Each 
such section allows up to 15 cultures to be grown either in darkness or in 
controlled illumination. The illumination derives from a tungsten filament 
pearl-glass incandescent electric lamp (L) the distances of which below the 
white glass screen (A) can be adjusted. The cultures stand on the second 
screen which is either a sheet of plain glass, a sheet of glass coated with 
black photographic paper or a colour filter (B). A current of air is drawn 
through the lamp compartment by a fan and this, together with the venti- 
lated air space between screens A and B, prevents any appreciable heating 
of the culture medium. The complete apparatus is housed in the temperature- 
controlled room, and under these conditions the temperature of the culture 
medium in the apparatus is raised less than 0.5° C. above the mean room 
temperature by continuous illumination with intensities up to 9 foot candles, 
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Figure 1. Sections of the apparatus used 
to illuminate excised root cultures with 
light of known intensity. L=tungsten 
filament lamp; A=white glass screen; 
B=plain glass screen or light filter; 
C=light proof cover; R=root cultures. 
Arrows indicate air stream in the lamp 
compartment. (Drawing by E. H. 
Roberts.) 


SS 


and by about 0.8° C. at 15 foot candles. By having lights in the lamp com- 
partments of sections carrying dark’ cultures, the temperature differences 
between treatments is reduced so that over the range 0—9 foot candles the 
total spread of temperature is about 0.3° C, and over the range 0—15 foot 
candles is about 0.6° C. Light intensities are measured at the upper surface 
of B. From the centre to the furthest point of the area occupied by cultures 
there is a decrease in intensity which in extreme cases amounts to a fall of 
about 20 per cent. The intensity values quoted refer to the centre point 
intensity with the window of the photo-electric cell in contact with the 
surface of B. 

Three experiments, performed with this apparatus and using excised 
tomato roots are described below. In these experiments the initial cultures 
were established from sectors and were subsequently subcultured at weekly 
intervals by excision of the main apex. All cultures were exposed to similar 
light conditions (approx. 20 foot candles intensity of fluorescent light at the 
inoculating bench) for about one hour during subculture. 

Experiment No. 9 was designed to compare the growth of cultures incu- 
bated in darkness with that of cultures grown in continuous light at fixed 
intensities ranging from 0.4 to 15 foot candles. The small treatment-to-treat- 
ment variation in the incubation temperatures is illustrated by the following 
specimen readings taken during Passage 2: — Dark 26.8°, 0.4 foot candles 
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@ FIRST PASSAGE 
© SECOND PASSAGE 
4 THIRD PASSAGE 


0041172 3 9 FOOT CANDLES 15 


Figure 2. Effect of incubation of the cultures in darkness and in continuous white light 

of various intensities on the growth in length of the main axis of excised tomato roots 

carried through three successive 7-day passages by excision of the main axis meristem 

(Experiment No. 9). The lengths of the vertical black lines represent twice the standard 

errors of the mean values plotted with the mean as midpoint. The numbers by each value 
represent the number of roots measured. 


26.6°, 1.7 foot candles 26.8°, 3.0 foot candles 26.8°, 9 foot candles 26.9°, 
15 foot candles 27.2°. Values for increase in length of main axis (mm.) and 
for the fraction: 


No. of laterals per root 


Increase in lenght of main axis (mm.) 


which is a measure of the number of laterals per unit length of main axis, 
are shown in figures 2 and 3. In Passage 1 there was an indication of stimu- 
mulation of the value for main-axis length at low light intensity as com- 
pared with darkness, in Passages 2 and 3 a more marked increase of main- 
axis length occured at all light intensities except 15 ft. candles. Length of 
main axis was significantly increased by illumination of the cultures (figure 
2). Illumination, however, checked lateral development and there was in 
Passages 1 and 2 a progressive fall in the value of the fraction: No. of 
laterals per root/Increase in length of main axis (mm.) from the ‘dark’ 
cultures to those receiving the highest intensity illumination (figure 3). The 
values of this fraction for the illuminated cultures were significantly below 
the value for the ‘dark’ cultures. In Passage 3 low values for this fraction 


for the ‘dark’ cultures and for those illuminated with light of 0.4 foot. 
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Figure 3. Effects of incu- 04 
bation of the cultures in 

darkness and in continuous 

white light of various in- 03 
tensities on the fraction 
No. of laterals per root / 
Increase in main axis 
length (mm.). (Experi- 
ment No. 9). Key as fig. 2. 


0.2 


0041172 3 9 FOOT CANDLES 15 


candles intensity modified the picture. By Passage 3 all roots of the ’dark’ 
cultures were in poor conditions, showing browning and thickening of the 
main axis and were in some cases completely devoid of laterals. In Passa- 
ges 1 and 2 secondary laterals were noted in 7 out of the 14 ’dark’ cultured 
roots and in 1 out of 14 of those illuminated with light of 0.4 and 0.7 foot 
candles intensity. Secondary laterals were absent from roots cultured in 
higher light intensities. Although in the present experiments records of 
total length of laterals per root were not made it was obvious that the ave- 
rage lengths of laterals were decreased in light as compared with in darkness 
and that this reduction in lateral growth became more marked with incre- 
ase in light intensity. These results do not support White’s conclusion (1937) 
that light has no observable effect on the growth of tomato roots 
in culture. 

Experiment No. 10 was undertaken in an effort to check that the light 
effects described above were due to a direct action of light on the growing 
root and not to some photochemically induced change in the culture medium. 
Cultures were established in medium which had been kept in darkness for 
the 7 days intervening between its sterilisation and inoculation and simul- 
taneously in medium of the same batch but which had been submitted to 
continuous illumination of 3 foot candles intensity during the same period. 
Half the cultures (15) established in the ’dark pretreated’ medium were 
incubated in darkness and the other half in continuous light of 3 foot 
candles intensity. An equal number of cultures established in ‘light pretreated’ 
medium were similarly incubated. At the end of Passages 1 and 2 the main 
axes apices were subcultured into similarly pretreated medium and main- 
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Table 6. Examination of the effect of light and dark pretreatment of medium on the growth 
of roots incubated in light and in dark (Experiment 10). 


————————@—— er) 


a Increase in length No. of laterals 
RE Peter Li of main axis (mm.) per root. B/A. 
Pretreatment. Treatment. No. 
(A) (B) 
Te 
1 44.8 21 0.47 
Dark 2 52.5 20.6 0.39 
3 70.6 27.4 0.39 
Light 
1 47.9 15.4 0.32 
Light 2 69.4 E 22.1 0.32 
3 1213 17.0 0.24 
1 43.8 20.3 0.46 
Dark 2 Set 20.9 0.41 
3 70.5 291 0.36 
Dark 
1 47.3 14.5 0.31 
Light 2 61.4 DSL 0.35 
3 78.4 21.0 0.27 | 


tained under the same incubation conditions. The results are shown in 
Table 6. Pretreatment of the medium was without effect in root growth; 
characteristic differences were observed between the ’dark’ and ‘light’ in- 
cubated cultures irrespective of the pretreatment. These results strongly 
suggest that photochemically induced changes in the culture medium are 
not involved in the light effects on root growth. 

Experiment No. 11 was designed to examine how far the various wave- 
length components of the tungsten filament incandescent electric light con- 
tributed to the growth effects obtained by illumination of the cultures. By 
substituting Ilford light filters for the standard clear glass screens at B, 
(figure 1), by adjustment of the intensity striking the filter and from know- 
ledge of the percentage transmissions of the filters, it was possible to submit 
the roots to radiations of wavelength above 520 mu (Orange Filter No. 111), 
above 620 mu (Red Filter No. 608), above 720 mu (Infra-Red Filetr No. 207) and, 
though rather less precisely, to radiation within the range 520—370 mu (Trico- 
lour Blue Filter No. 304) at intensities approximately equal to that con- 
tained in the total radiation intensity recorded as 3 foot candles. No attempt 
was made to assess the absolute activity of the different radiations, but 
only to study their effect at the intensity present in the total radiation of 
the light source. The results, shown in Table 7, indicated that the infra-red 
radiation was inactive. Red and orange light were qualitatively similar in 
their effect to the total radiation, increasing main axis length and checking 
lateral development. Blue light similarly stimulated main axis growth but 
appeared to be less active in checking lateral development; the values for 
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Table 7. Effects on root growth of illumination during incubation with the radiation 
transmitted by various Ilford filters using intensities corresponding to those present in the 
control light intensity of 3 foot candles (Experiment No. 11). 
a papa 7 


Treatment during Passage ae in length No. of laterals 
ana No. of main axis (mm.) per root. B/A. 
(A) (B) 

ER SEE A a da) rare ere nen Po etes logs à eve 

1 59.1 27.6 0.47 

Dark 2 58.5 20.4 0.35 

3 50.4 5.2 0.10 

1 59.8 28.3 0.47 

Infra-Red. No. 207 2 56.4 20.0 0.35 

3 ~ 47.8 2.4 0.05 

1 61.5 23.4 0.38 

Red No. 608 2 74.5 25.4 0.34 

3 65.5 10.8 0.16 

1 68.1 25.4 0.37 

Orange No. 111 2 64.2 16.1 0.25 

3 68.4 14.8 0.22 

1 65.8 28.6 0.43 

Tricolar Blue No. 304 2 66.5 28.6 0.43 

3 68.1 12.8 0.19 

1 65.4 23.2 0.35 

an 3 foot 9 75.0 25.9 0.33 

3 74.5 16.1 0.22 


number of laterals per unit length of main axis in Passages 1 and 2 were 
of the order obtained with the ’dark’ and ’infra-red’ cultured roots. It is 
as yet uncertain whether this represents a real qualitative difference in effect 
between blue and red or orange light or is merely an effect of different 
intensities. A more detailed examination of the action spectrum of these light 
effects on excised root growth is now being undertaken with roots of 
L. pimpinellifolium since these are more sensitive than those of L. esculen- 
tum to illumination during incubation. 

Torrey (1952) has studied the effect of light on the formation of lateral 
roots by 7-day old decapitated excised pea roots and noted that white light 
inhibits lateral formation. He also states that red light is equally effective but 
that blue light is much less active. White light at an intensity of 100 foot 
candles markedly inhibited main root elongation, but when a red filter (Corn- 
ing Signal Red No. 2408 with transmission above 610 mu) was interposed the 
root length was markedly increased, as compared with that in white light, 
although the red radiation was equally effective in inhibiting lateral root 
formation. Comparison of Torrey’s results with ours is difficult because the 
effects of light on root growth described here have been obtained at very 
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much lower light intensities and with a species the roots of which when 
grown in culture show much more profuse lateral development. At the higher 
intensities used in the present work light inhibited lateral formation. Values 
for main axis length were equal to those of roots grown in the dark but the 
values for lateral number were significantly reduced. At the lower intensities 
light stimulated growth as measured by increase in length of main axis and 
number of laterals per root but reduced the values for number of laterals 
per unit length of main axis and for the average lateral length. 

Grateful acknowledgment is made to Dr. M. P. McGonagle for help in the early 


stages of the investigation, to Mr. G. Standen for construction of the apparatus shown 
in figure 1 and to Miss D. M. Davies for technical assistance. 


Summary 


1. Growth and survival of excised tomato roots, repeatedly subcultured by 
excision of the main axis meristem, had been shown to be influenced by the 
location at which they were incubated (Street, McGonagle and Roberts, 1953). 
Experiments are described which show that this ‘location effect’ is mainly 
due to the beneficial effect of exposure of the cultures, during incubation, 
to low light intensity as compared to continuous darkness. The results also 
show that the roots are sensitive to air-pollution and indicate that, at certain 
times, this may be a second and deleterious factor involved in the ‘location 
effect’. 

2. An apparatus is described which enables excised root cultures to be 
evenly illuminated either continuously or for known periods with white or 
coloured light of known low intensities. Continuous low intensity illumination 
from tungsten filament lamps is shown to stimulate main axis growth, to 
check lateral development and to enhance survival of the main axis meristem 
of excised tomato roots. These effects are due to a direct action of light on the 
growing root and not to photochemical change in the culture medium. Infra- 
red radiation is inactive. Red and orange light have qualitatively similar effect 
to that of the total radiation of the lamps. 
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Growth of Avena Coleoptile Sections in Solutions of 
3-Indolylacetic Acid and 3-Indolylacetonitrile 
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It has been shown that 3-indolylacetonitrile, recently isolated from cabb- 
age, is more active than 3-indolylacetic acid in the Avena straight-growth 
test, and reasons for this high activity have been investigated (2, 3, and 5). 
Before proceeding further, it is necessary to examine the growth curves of 
Avena coleoptiles when treated with these two substances. For example, 
both substances may cause elongation to proceed at the same rate, but if the 
reaction with 3-indolylacetonitrile continues for a longer period than that 
with 3-indolylacetic acid, then the former will cause a greater final coleoptile 
‘response than the latter. Alternatively, the two substances may cause dif- 
ferent rates of elongation, in which case the slopes of the activity curves 
will differ. 

The following experiments were designed to investigate these possibilities. 
The assay technique has already been described (1). Sections (initial length 
10 mm.) were placed in the solutions to be tested, and section length was 
measured every two hours for the first eight hours of the experiment, with 
a final measurement after twenty-four hours. Measurement was carried out 
using a photographic enlarger with phototropically-inactive light. Sections 
were placed on a glass plate and the images (X4 magnification) measured 
to the nearest millimetre with a ruler. 

Molar equivalents of acid and nitrile were compared (see Figures 1 to 5) 
rather than equal concentrations. The difference between the two is only 


slight when plotted on a logarithmic scale and has been ignored in Figure 6 
and in the descriptions in the text. 
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From an examination of the figures, the following facts emerge. The 
acid and nitrile growth curves at 100 mg./l. (Figure 1) are similar for the 
first six hours of the experiment, but after this the sections in acid begin to 
shrink, until finally they are shorter than sections elongating in water. No 
shrinkage occurs in nitrile solutions, the sections continuing to elongate 
slightly up to twenty-four hours (the duration of the experiment). The two 
curves are identical at 10 mg./l. (Figure 2), and lie considerably above the 
curve for activity in water. However, at 1.0, 0.1 and 0.01 mg./l. (Figures 3 to 
5), the nitrile curve runs consistently above the acid curve. The rate of cell- 
elongation in solutions of the nitrile is clearly greater than in solutions of 
the acid for the first nine hours, during which time the major portion of the 
growth reaction is completed. After that, there is a slight amount of growth, 
to approximately the same degree with both substances. The curve of final 
coleoptile length against concentration is shown in Figure 6. 

It is evident from these results that both substances have equal growth- 
promoting effects at 10 mg./l., suggesting that they follow the same mechan- 
ism of action. At concentrations above 10 mg./l. these equal responses exist 
during the major part of the growth reaction but are later masked by some 
toxic effect of the acid, which presumably causes damage to the permea- 
bility of the tissues leading to loss of water and shrinkage. This effect might 
be related to pH (see Figure 6), since 3-indolylacetic acid at a concentration 
of 100 mg./l. has a pH of 4.1 and the corresponding figure for 3-indolylaceto- 
nitrile is 5.2. However, the connection is by no means clear, since experi- 
ments with succinic acid (300 mg./l.) show that at pH 3.5 there is damage to 
the cells at either end of the section after four hours but no shrinkage even 
after forty-eight hours. Elongation in this solution is slightly greater than 
in water. 

It is customary, in routine assays, to measure only final section length. 
The fact that the growth-promoting effect of a compound can be obscured 
by subsequent shrinkage of the sections should therefore be borne in mind 
when assessing the results of such assays. 

At concentrations below 10 mg./l., the acid is less active than the nitrile 
throughout the growth reaction. Therefore, if the nitrile is only active after 
hydrolysis to the acid within the tissues (see Bentley and Housley, 3, for 
a discussion of this), one must postulate some secondary factor, e.g. effect 
on cell permeability, which causes the acid to have sub-optimal activity when 
applied as such, even at apparently non-toxic concentrations below 10 mg. N. 
Thus one is forced to suggest the operation of secondary factors deleterious 
to the activity of 3-indolylacetic acid at both high and low concentrations, 
possibly toxic effects at high concentrations and permeability effects at low 
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FIGURE 1 
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FIGURE 2 
10 MG/L IAA 


8.9 MG/L IAN 


FIGURE 3 
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Figures 1 to 5. Growth curves of Avena coleoptile sections in 3-indolylacetonitrile (IAN) 
3-indolylacetic acid (IAA) and water. Ordinates: — section length (mm.); abscissae: — 
time from commencement of experiment (hrs.) Key as in Figure 6. Each point is the mean 


of twenty replicates. 
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Figure 6. Summary of the final responses of Avena coleoptile sections shown in Figures 
1 to 5. Ordinate: — section length (mm.); abscissa: — concentration of hormone (mg./l.). 
Figures at each point on the graphs denote initial pH values of the solutions. 
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concentrations. Such deleterious factors do not seem to operate to the same 
extent with 3-indolylacetonitrile. 

It has been suggested that growth inhibition induced by high concentra- 
tions of auxin is due to overcrowding of the growth centres in the cell by 
the auxin molecules, so that they hinder each other sterically, and the correct 
combination between auxin molecule and receptor entity cannot be obtain- 
ed (4). This leads to a lowering of the growth rate. Such factors may be 
responsible for the reduced response to nitrile at high concentrations, but 
are not the dominant factor in the toxic inhibition obtained with the acid, 
again suggesting that growth reactions with the nitrile are more natural 
than those with the acid. 


Summary 


The growth curves of Avena coleoptile sections in solutions of 3-indolyl- 
acetic acid and 3-indolylacetonitrile over a range of concentrations are 
examined, and the significance of the results is discussed. 


The authors wish to thank Professor S. C. Harland for facilities for this work in 
the Department of Botany, and the Agricultural Research Council for grants which 
have made the work possible. 


References 


1. Bentley, J. A.: An examination of a method of auxin assay using the growth of isolated 
sections of Avena coleoptiles in test solutions. — Journ. Expt. Bot. 1: 201. 1950. 

2. — & Bickle, A. S.: Studies on Plant Growth Hormones II. Further biological properties 
of 3-indolylacetonitrile. — Journ. Expt. Bot. 3: 406. 1952. 

3. — & Housley, S.: Studies on Plant Growth Hormones I. Biological activities of 3-indolyl- 
acetaldehyde and 3-indolylacetonitrile. — Journ. Expt. Bot. 3: 393. 1952. 

4. Bonner, J.: The hormonal control of plant growth. — Harvey Society Lecture, 1952 
(In the press). 

5. Jones, E. R. H., Henbest, H. B., Smith, G. F. & Bentley, J. A.: 3-Indolylacetonitrile: a 
naturally-occurring plant growth hormone. — Nature 169: 485. 1952. 


PHYSIOLOGIA PLANTARUM, VOL. 6. 1953 


Chemical Structure and Antiauxin Activity! 
By 
D. HAROLD MCRAE and JAMES BONNER 


Kerckhoff Laboratories of Biology, California Institute of Technology 
Pasadena, California 
(Received March 11, 1953) 


This paper is concerned with the chemical characteristics and physiological 
properties of molecules which possess antiauxin activity. Relatively little 
attention has been directed towards the discovery of compounds which 
are able to antagonize the action of auxins. In the fields of chemotherapy, 
pharmacology, and bacterial nutrition, however, the study of metabolite 
antagonists (antimetabolites) has contributed extensively to our under- 
standing of the sequence and nature of reactions involving such materials 
as the vitamins, hormones, and amino acids. It is, therefore, of interest to 
attempt to discover what structural modifications are required to convert 
an auxin molecule into an antiauxin. These compounds possess the practical 
importance that they may be used to lower the effective auxin concentration 
in plants and may thus be employed for desirable experimental (e.g. control 
of flower induction) and agricultural (e.g. leaf defoliation) ends. 

In the past two decades much effort has been directed towards the 
determination of the structural features which a compound must possess in 
order to be active as an auxin. It is now apparent that there is a definite 
structural pattern which is prerequisite to auxin activity even though the 
many types of active molecules might at first seem quite unrelated. The 
features which auxin-active molecules possess in common, a matter first 


1 Report of work supported in part by the Herman Frasch Foundation. — Presented 
before the annual meeting, American Society Plant Physiologists, Western Section, Corvallis, 
Oregon, June, 1952. 
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systematically studied by Koepfli et al. (19), may now be rather extensively 
codified and understood in terms of the two-point attachment concept of 
auxin action (16, 29). 

For the purposes of this paper, an antiauxin will be taken to be a com- 
pound which is itself devoid of auxin activity but which is capable of anta- 
gonizing the action of an active molecule. Several substances have already 
been reported to be active as antiauxins and a comprehensive survey of such 
compounds has been made by Bonner and Bandurski (8). The 2,4-dichloro- 
phenoxyacetic acid analog, 2,4-dichloroanisole, for example, possesses the 
ability to antagonize auxin-induced growth (7). Although cis-cinnamic acid 
is active as an auxin, its inactive isomer, trans-cinnamic acid, has been 
found by van Overbeek et al. (38) to have antiauxin properties. Maleic 
hydrazide is reported by Currier et al. (14) and Leopoid and Klein (21, 22) 
to possess antiauxin activity. Stereoisomerism may also contribute antiauxin 
properties as has been shown for the two forms of certain a-arylpropionic 
acids by Smith et al. (33). Thus the (+) isomers of the (+) -a-(2-naphthoxy) -, 
(+)-a-(2,4-dichlorophenoxy)-, and (+) -a-(2,4,5-trichlorophenoxy) -propionic 
acids are active in the Avena coleoptile section test but the growth activity 
of the (+)-isomers can be partially or completely antagonized by the corres- 
ponding inactive (—)-isomers. The auxin-inactive diortho substituted phen- 
oxyacetic acids possess antiauxin activity as shown by McRae and Bonner 
(24). The diortho substituted compounds 2,6-dichloro- and 2,4,6-trichloro- 
phenoxyacetic acids competitively inhibit auxin-induced growth in the Avena 
section test. 

Compounds which possess weak auxin activity may also act antagonistically 
towards auxins of higher activity. Skoog et al. (32), in the first study of 
this matter, found that y-phenylbutyric acid interacts competitively with 
indoleacetic acid in the Avena curvature test. An ability to antagonize more 
active auxins has also been reported for 2,3,5-triiodobenzoic acid by Galston 
(17), de Waard and Florschiitz (15) and Thimann and Bonner (36). 

That auxins (except at very low concentrations) inhibit root growth (20) 
is among the better known facts of auxin lore. On this basis compounds 
other than auxins which are able to increase root growth or which can 
overcome auxin induced root inhibition, have been described as antiauxins 
or auxin antagonists. No rigorous proof that this is so has however been 
presented. Among the materials first found to considerably promote root 
growth were 2,4-dichloroanisole (37), p-chlorophenoxyisobutyric acid (10, 11) 
and indole-3-isobutyric acid (11). Burstrôm (12) has also found that phen- 
oxyisobutyric acid as well as its 2- and 3-monochloro-derivatives are active 
in increasing root growth. It has subsequently become clear that a variety 
of substituted phenoxyisobutyric acids possess this property, including 
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2,4-dichloro-, 2,4,5- and 2,4,6-trichloro- and 2,3,4,5,6-pentachlorophenoxy- 
isobutyric acids (12). The sulfur containing compounds 2,4-dichlorophenyl- 
sulfoneacetic and 2,4-dichlorophenylsulfoxideacetic acids have been shown 
by Wilske and Burstrôm (39) to behave similarly. Minarik et al. (27) have 
found 3-nitro-4-fluorobenzoic acid to be the most active of thirty-five sub- 
stituted benzoic acids which increase rate of root elongation. Âberg (2, 3, 4) 
obtained increases of root growth with 1-(naphthylmethyl-sulfide) -propionic 
acid and auxin-induced root inhibitions were alleviated by the compound. 
Aberg (3) has also shown that a number of a-(naphthyl-methyl-sulfide or 
selenide) -alkylcarboxylic acids, in addition to increasing root elongation, 
act to alleviate 2,4-D induced root inhibition. Increases of root growth 
have been obtained with (—)-a-(2-naphthoxy)-propionic acid and further- 
more the inhibition induced by the auxin-active (+)-isomer and by 2,4- 
dichlorophenoxyacetic acid can be alleviated by the (—) -isomer (2). Aberg (4) 
and Audus and Shipton (6) have demonstrated that the inhibition produced 
by 2,4-dichlorophenoxyacetic acid may be counteracted by the weak auxin 
phenoxyacetic acid. 

We have available to us at present but one rigorous method for the 
determination of whether a particular substance inhibits auxin action by 
functioning as an auxin competitor or in some other manner. This method, 
the Lineweaver and Burk (23) kinetic analysis of competitive inhibition which 
is used in the present investigation has not heretofore (with the exception 
of McRae and Bonner (12) been generally applied in auxin work. It will be 
shown that the auxin-induced growth reaction of the isolated Avena coleoptile 
section can be treated by the methods of classical enzyme kinetics. It is the 
purpose of this paper to describe the application of the Lineweaver and Burk 
kinetic analysis of competitive inhibition to the auxin-induced growth 
reaction as well as to present experimental evidence upon which is based 
a general formulation of the structural requirements for antiauxin activity. 


Materials and Methods 


The Avena seeds (var. Siegeshafer) used throughout the investigation were first 
sterilized for ten minutes in a 1 °/o NaOCl solution containing a pinch of detergent 
and were then soaked for one hour in distilled water. They were next sown in 
stainless steel trays containing vermiculite previously moistened with distilled water 
and allowed to germinate. Germination and seedling growth occurred in a standard 
Avena room, under low intensity red light (with occasional orange light) at 
25—26° C and a relative humidity of 90 °/o, for 82—84 hours. At this time a selection 
was made for those plants which possessed coleoptiles 2.75 to 3.25 cm. in length. 
Since the residual growth of excised coleoptile sections (that due to endogenous 
auxin) depends on the length of the coleoptile and since it is important for this 
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Table 1. Mean growths of lots of 20 Avena coleoptile sections and the confidence limits 
for replications within one experiment. 


Growth: mm./section/12 hours 


C trati Fr 
Æ aie at Replication 1 Replication 2 Replication 3 
Mean Confidence Limits) Mean |Confidence Limits| Mean |Confidence Limits 

0.0 0.41 0.39—0.43 0.41 0.38—0.44 0.43 0.40—0.46 
0.01 0.90 0.87—0.93 0.89 0.86 —0.93 0.91 0.87— 0.95 
0.05 1.61 1.56—1.66 197 1.52 —1.62 1.62 1.58—1.66 
0.1 1.96 1.88—2.04 1.96 1.90 —2.02 2102 1.97— 2.07 
0.5 2.63 2.56—2.70 2.65 2.58—2.72 2.61 2.56 — 2.66 
1.0 2.91 2.85 —2.96 2.95 2.86 — 3.04 2.92 2.85 —2.99 


work to obtain reproducible growth in the absence of added auxin, the selection 
of uniform coleoptiles contributes an important element. To this selection is due, 
in a considerable measure, the fact that the present results are both more precise 
and more reproducible than those heretofore recorded for growth of excised Avena 
sections. Additional water sprinkled over the seedlings approximately 24 and 12 
hours prior to harvesting facilitated the handling of the coleoptiles and increased 
the sensitivity of the isolated sections to added auxins, particularly to indoleacetic 
acid. 

From each selected coleoptile one 5.0 mm. section was cut, 2—3 mm. from the 
tip of each hollow coleoptile cylinder (leaves removed), with a double bladed 
cutting tool. After cutting, all sections were randomized and lots of 20 sections 
distributed to petri dishes containing 20 ml. of solution. A basal medium of Pyrex 
redistilled water, 3 per cent sucrose and 0.0025M potassium maleate buffer (pH 4.50) 
was employed. To this medium the auxins and compounds undergoing test as 
antiauxins, adjusted to pH 4.5 were added. The sections were incubated in the 
dark at 25—26° C and length measurements made under a microscope after incuba- 
tion for 12 hours. 

The variability to be expected within a single experiment as well as that to be 
expected between experiments can be judged from tables 1 and 2, respectively. In 
these tables the confidence limits have been determined according to the method 
described by Brownlee (9), and are calculated at the 1 per cent probability level. 


Table 2. Mean growth of lots of 20 Avena coleoptiles sections and the confidence limits 
for replications between experiments. 


D I LL © 


Growth: mm./section/12 hours 
Concentration 
of IAA mg./1. Day 1 Day 2 Day 3 
Mean |Confidence Limits} Mean |Confidence Limits} Mean |Confidence Limits 

0.0 0.41 0.38—0.44 0.41 0.38--0.44 0.44 0.41—0.47 
0.01 0.89 |  0.85—0.93 0.90 0.86 —0.94 0.87 0.83—0.91 
0.05 1.55 1.50 —1.60 1.60 1.56—1.64 1.58 1.53—1.63 
0.1 1.95 1.87—2.01 1.96 1.91—2.01 2.01 1.94—2.08 
0.5 2.60 2.54—2.66 2.66 2.60—2.72 2.61 2.54—2.68 
1.0 2.88 2.80—2.96 2.88 2.80—2.96 2.95 2.88—3.03 
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The occasional experiments which for unknown reasons yielded a degree of 
precision less than that of table 2 were forthwith discarded. All growth data presented 
in the paper are averages of two or more experiments (40 or more coleoptile sections 
per treatment) carried out on different days. 

It is customary in auxin investigations to express concentrations in mg./l. or 
p-p.m. Therefore, this practice has been followed and data are given in mg./l. 
Since it is, however, usual to express kinetic constants in terms of molarity ihe 
appropriate conversions from mg./l. concentrations to molarities have been made 
in the summary tables. 


Results 


Progress curves for auxin induced growth. — The considerations of 
classical Michaelis-Menten (29) enzyme kinetics can be applied only to 
systems for which initial reaction rates are measured. The time course of 
indoleacetic acid (IAA) and of 2,4-dichlorophenoxyacetic acid (2,4-D) in- 
duced growth of the Avena coleoptile section was determined by measuring 
section growth over periods up to 48 hours. The results obtained are presented 
in figure 1. It is apparent that the growth velocity of the sections is essentially 
constant up to 18 hours in the presence of 1 mg./l. IAA and up to 24 hours 
in the presence of 1 mg./l. 2,4-D. It may be assumed that the initial growth 
velocity remains constant over a similar interval with lower concentrations 
of the same auxins. In any case, an incubation time of 12 hours has been 
used in all subsequent experiments. This interval which includes only the 
first portion of the linear time-growth curves of figure 1 gives then an 
estimate of the initial growth velocity. 


Kinetic treatment of Avena coleoptile section growth. 


It will now be shown that the growth response of the Avena coleoptile to 
added auxin can be formally treated by the enzyme kinetics of Michaelis and 
Menten. These considerations have as their basis the assumption that an enzyme 
catalyzes a reaction by first combining with substrate to form an intermediate 
enzyme-substrate complex which then decays to form the reaction products and to 
regenerate free enzyme. This situation is expressed in equation 1, 


E+s Ks es K E+ Products (1) 


<—— 


where the equilibria involve the following quantities: 


E: — Enzyme (in the present case, the coleoptile section or the auxin-receptive 
entity within it) 

S: — Substrate (in the present case, auxin) 

ES: — Enzyme-substrate complex (in the present case, coleoptile-auxin complex) 

K,: — Dissociation constant of the complex ES. 

k: — Velocity constant relating concentration of active complex to rate of product 


formation (in the present case, growth) 
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Let us now express equation 1 in terms of reaction velocity (v). The maximum 
velocity (Vinax) of the growth reaction is attained when the substrate concentration 
is sufficiently high to ensure: that all available enzyme is saturated with S to form 
ES. Under these conditions, Erorar =ES and V,,,=k.Erorar, the kinetic con- 
sequences of equation 1 may now be expressed as in equation 2, where v is the 
reaction velocity. 


a Vmax[S] 


SR (2) 


It is apparent that v (which in our case is section growth rate) is dependent 
upon [S] and upon the constants K, and V,,,,. Since K, and V,,, are constants, 
equation 2 is that of a rectangular hyperbola for which V,,,, is the value of v 
which is asymptotically approached as [S] is increased, and for which K, is the 
value of [S] at which one half V,,,x is attained. That the data obtained for IAA 
and for 2,4-D induced growth of Avena coleoptile sections at concentrations below 
1 mg./l. fit such hyperbolae are shown by the data of figure 2 A. 


A more critical test of the applicability of equation 2 may be obtained by plotting 
the reciprocal of reaction velocity (1/v) as a function of the reciprocal of substrate 
concentration (1/[S]). This relation is expected to be a straight line for systems 
which follow Michaelis-Menten kinetics as is evident from equation 3 which is 
the reciprocal of equation 2. That the hyperbolae of figure 2A for IAA and for 
2,4-D induced coleoptile 


SE ae (3) 


section growth reaction do in fact yield the linear relationship expected from 
equation 3 is: shown in figure 2B. The reciprocal plots of figure 2B provide also a 
convenient method for the determination of the two parameters, V,,,, and K,, 
which characterize the two different aspects of the activity of an auxin toward 
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Figure 2. Growth of Avena coleoptile sections as a function of aurin concentration. 

A. Growth plotted as a linear function of IAA concentration (a) and of 2,4-D concentra- 

tion (b). B. Reciprocal of growth plotted as a reciprocal function of 2,4-D concentration (b) 
and of IAA concentration (a). 


plant tissue. Thus the ordinate intercept, 1/V „ax, may be used to determine Vyax 
which is a measure of the effectiveness of an auxin if it is given in a concentration 
sufficiently high to elicit the maximum growth rate of which it is capable. The slope 
K,/V max; On the other hand, may be used to determine K, which is a measure of 
the concentration of the auxin needed to elicit a growth response, and specifically, 
the concentration needed to elicit half maximum growth rate. 


Kinetic treatment of competitive inhibition 


Competitive inhibitors are compounds which compete with the substrate for the 
substrate-receptive sites of the enzyme. This complex, unlike the enzyme-substrate 
complex, does not, however, undergo further reaction. This may be formulated 
following Lineweaver and Burk (23) as in equation 4. 


K 
E+I _ EI (4) 
I: — Inhibitor 
EI: — Inactive enzyme inhibitor complex (in the present case, coleoptile-inhibitor 
complex) 
K;: — Dissociation constant for the complex EI 


We may now express the combined consequences of equation 1 and 4 (equation 5) 
in terms of reaction velocity (v) where this quantity is now the velocity in the pres- 
ence of inhibitor. Thus the degree of inhibition exerted by a competitive inhibitor 
depends upon the relative substrate and inhibitor concentrations as well as upon 
the constants K, and Ky. The maximum velocity (Vmax) is attained when the substrate 
is present in such excess 

Vinax [91] Ky 


a (5) 
K,- K, +K, (1) + Ky[S] 


v 
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over inhibitor that all of the enzyme is in the form ES and essentially none in the 
form of EI. Again, it is more convenient to use the reciprocal form of equation 5, 
which then becomes 


KT 1, 1 
„(14% Spt Vee L 


Comparing equation 6 with equation 3 it is apparent that in plots of 1/v against 1/S, 
the presence of a competitive inhibitor increases the slope of the resultant line by 


K, [I] 


the quantity —*——. The intercept, 1/V,,,x, on the other hand, remains constant and 
Ky 
is not influenced by the presence of inhibitor. Thus the inihibition caused by a com- 


petitive inhibitor (antiauxin) in the presence of low auxin concentration is alleviated 
by increasing auxin concentrations. This does not imply that sufficiently high auxin 
concentrations need completely overcome the antiauxin-induced inhibition. It has 
been emphasized by Foster et al. (16) that high auxin concentrations are of them- 
selves inhibitory. It is essential for the present purposes to work within the range 
of auxin concentrations where this secondary inhibition is not appreciable. 


Application to selected antiauxins. — Since rigorous proof of antiauxin 
activity has not previously been provided for any growth test, it was con- 
sidered desirable to first investigate compounds to which antiauxin activity 
has been attributed on qualitative grounds. The compounds chosen for the 
initial phase of this work were those which do not have auxin activity but 
which have been shown to increase rate of root growth. It will now be shown 
that certain of these compounds not only inhibit auxin-induced Avena section 
growth but also that they do so in a strictly competitive manner. 

The growth effects of varying concentrations of IAA and of 4-chloro- 
phenoxyisobutyric acid (4-CPIB) alone and in combination, on Avena coleop- 
tile sections are summarized in table 3. It is apparent the 4-CPIB inhibits 
IAA induced section growth and that the inhibition increases with increasing 
concentrations of 4-CPIB. Further, for any given concentration of 4-CPIB 
the inhibition decreases with increasing concentrations of IAA. That 4-CPIB 
competitively inhibits the action of IAA is shown in the double reciprocal 


Table 3. Effect of 4-CPIB on IAA induced growth of Avena coleoptile sections. 


er 


Concentration of IAA mg./l. 
Concentration 
of 4-CPIB 0.00 0.09 © 0.05 761, Sos 1.0 
mg./1. Growth in absence of IAA | Growth in presence of IAA minus growth in 
mm./section/12 hrs. absence of IAA mm./section/12 hrs. 
0.0 0.44 0.59 1.14 1.56 2.12 2.45 
0.1 0.43 0.48 0.97 1.39 2.08 2.45 
0.5 0.42 0.41 0.84 1.25 2.02 2.41 
1.0 0.43 0.33 0.68 1.08 1.92 2.39 
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Figure 3. Inhibition of auxin-induced Avena section growth by 4-chlorophenozyisobutyric 
acid. Data plotted according to the Lineweaver-Burk treatment as a test of competitive 
inhibition. A. IAA as auxin. B. 2,4-D as auxin. In A and B, curves a, b, c, and d refer 
to 4-chlorophenoxyisobutyric acid concentrations of 1.0, 0.5, 0.1 and 0.0 mg./l., respectively. 


plot (1/v against 1/[S]) of figure 3A. The lower line is that obtained from 
data on growth in the presence of IAA alone while the upper lines are those 
obtained in the presence of IAA but with increasing concentrations of 4-CPIB. 
The resultant family of straight lines possess increasing slopes but a common 
ordinate intercept. The requisites for competitive inhibition are then fulfilled 
by 4-CPIB which is therefore a true antiauxin. 

The data of table 4 show that similar results are obtained for the inhibition 
of 2,4-D induced section growth by 4-CPIB. The appropriate graphical 
treatment of the data of table 4, given in figure 3B, shows again that the 
criteria for competitive inhibition are satisfied. 4-CPIB is therefore an 
antiauxin toward 2,4-D as well as toward IAA. 

2,4-Dichlorophenoxyisobutyric acid (2,4-DCIP), a compound closely re- 
lated to 4-CPIB, also exhibits antiauxin activity toward IAA and 2,4-D in 
the Avena section test as is shown in tables 5 and 6. It is evident that 
2,4,-DCPIB possesses no auxin activity and it is clear also that the compound 


Table 4. Effect of 4-CPIB on 2,4-D induced growth of Avena coleoptile sections. 


eS 


Concentration of 2,4-D mg./1. 

nr 0.00 0.02 | 00 | o1 | 05 1.0 

mg./1. Growth in absence of 2,4-D/Growth in presence of 2,4-D minus growth in 
mm./section/12 hrs. absence of 2,4-D mm./section/12 hrs. 

ee eee ee ee EE EE ES SS 

0.0 0.44 0.23 0.51 0.71 1.39 1.56 

0.1 0.42 0.18 0.41 0.64 1.34 1.53 

0.5 0.44 0.13 0.29 0.57 1.29 1.54 

1.0 0.43 0.09 0.21 0.39 1.18 1.52 


33 
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Table 5. Effect of 2,4-DCPIB on IAA induced growth of Avena coleoptile sections. 


EEE À 


Concentration of IAA mg./1. 
Sr Se 0.00 0.02 | 0.05 0.1 0.5 | 10 
mg./1. Growth in absence of IAA| Growth in presence of IAA minus growth in 
mm./section/12 hrs. absence of JAA mm./section/12 hrs. 
0.0 0.44 0.61 1.14 1.53 2.18 2.46 
0.1 0.41 0.53 1.01 1.41 2.10 2.43 
0.5 0.41 0.44 0.85 1.22 2.00 2.40 
1.0 0.43 0.35 0.69 1.08 1.92 2.34 


inhibits both IAA and 2,4-D induced coleoptile section growth. In addition, 
increasing concentrations of IAA or of 2,4-D alleviate the inhibitions brought 
about by 2,4-DCPIB. The competitive nature of 2,4-DCPIB inhibition in the 
presence of IAA or of 2,4-D is evident from the double reciprocal plots of 
figure 4. The data of tables 5 and 6 are presented in figures 4A and 4B, 
respectively. 

We will now compare in quantitative terms the effectiveness of the auxins 
IAA and 2,4-D with the two antiauxins discussed above. The parameters, 
K, and Vyax, which describe the growth activity of IAA and of 2,4-D in the 
experiments of figures 3 and 4 are recorded in table 7. The characteristic 
parameters, Kr, of each of the competitive inhibitors 4-CPIB and 2,4-DCPIB 
are also included. It can be seen that the K, of IAA is slightly lower than 
that of 2,4-D. IAA is therefore, effective in this system in lower concentra- 
tions than is 2,4-D. The V,,, which characterizes the action of IAA is also 
considerably higher than that for 2,4-D. IAA is, therefore, intrinsically more 
effective in promoting Avena section growth than is 2,4-D. The value of 
Kı for 4-CPIB is substantially identical with that for 2,4-DCPIB and both 
are roughly ten fold greater than the K, values for IAA and 2,4-D. These 
antiauxins possess, therefore, an affinity for the plant growth system of the 
coleoptile which is some ten times less than that of the auxins. Since the 


Table 6. Effect of 2,4-DCPIB on 2,4-D induced growth of Avena coleoptile sections. 


Concentration of 2,4-D mg./1. 
Concentration == : 

of 2,4-DCPIB 0.00 0.025 | 0.05 0.1 CE CE a N 
mg./1. Growth in absence of 2,4-D Growth in presence of 2,4-D minus growth inl 
mm./section/12 hrs. absence of 2,4-D mm./section/12 hrs. 
— | 
0.0 0.42 0.33 0.55 0.80 1.06 1.65 | 

0.1 0.44 0.26 0.47 0.74 0.98 1.53 
0.5 0.43 0.19 0.33 0.56 0.83 1.48 | 
1:0 0.44 0.14 0.25 0.44 0.76 1.40 | 
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Figure 4. Inhibition of auxin-induced Avena section growth by 2,4-dichlorophenozyiso- 

butyric acid. Data plotted according to the Lineweaver-Burk treatment as a test of 

competitive inhibition. A. IAA as auxin. B. 2,4-D as auxin. In A and B, curves a, b, c, 

and d refer to 2,4-dichlorophenoxyisobutyric acid concentrations of 1.0, 0.5, 0.1 and 0.0 
mg./l., respectively. 


affinity of an antiauxin for the receptive site within the plant depends only 
on the nature of the antiauxin and of the site, it follows that the Kı values 
should be independent of the nature of the auxin against which the antiauxin 
is tested. That this is so is shown by the fact that the K; values for 4-CPIB 
in the presence of IAA and in the presence of 2,4-D are essentially identical. 
The same is true with 2,4-DCPIB for which K; is the same in the presence 
of either of the two auxins. 

That IAA and 2,4-D promoted growth of Avena coleoptile sections 
may also be inhibited competitively by the compound 2,4-dichloroanisole 
(2,4-DCA) is evident from the double reciprocal plots of figures 5A and 5B 
obtained from the data in tables 8 and 9, respectively, 2,4-DCA is, therefore, 
a true antiauxin. The constants which describe the activities of IAA, 2,4-D, 
and 2,4-DCA are recorded in table 10. Again it is apparent that the inhibitor 


Table 7. Constants which characterize the action of certain auxins (IAA and 2,4-D) and 
antiauxins (4-CPIB and 2,4-DCPIB) on the growth of Avena coleoptile sections. 


Substance K,(molar) K,(molar) V na, mm./section/12 hrs. 

ee CRE 3.6 X 10-7 2.56 
ee re HIS 5.6 X 10-7 1.71 
4-CPIB 

in presence of IAA ......... Bl << SE 0.00 

in presence of 2,4-D .. ... 26 105° 0.00 
2,4-DCPIB ‘ 

in presence of JAA......... 3.8 X NC 0.00 

in presence of 2,4-D ...... 3.2 X 10— 0.00 
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Figure 5. Inhibition of auxin-induced Avena section growth by 2,4-dichloroanisole. Data 

plotted according to the Lineweaver-Burk treatment as a test of competitive inhibition. 

A. IAA as auxin. B. 2,4-D as auxin. In A and B, curves a, b and c refer to 2,4-dichloroanisole 
concentrations of 5.0, 1.0 and 0.0 mg./l., respectively. 


constant Kı for the antiauxin is essentially identical whether it is determined 
in the presence of IAA or of 2,4-D. It is evident, in addition, that the Kı 
for this antiauxin is approximately ten fold greater than are the Kys for 
4-CPIB or 2,4-DCPIB. 2,4-DCA is therefore less effective as an antiauxin 
than are the other two materials. 


Table 8. Effect of 2,4-DCA on IAA induced growth of Avena coleoptile sections. 


Concentration of IAA mg./1. 
Concentration 
of 2,4-DCA 0.00 0.02 | 0.05 | o1 | 05 1.0 
mg./1. Growth in absence of IAA! Growth in presence of IAA minus growth in 
mm./section/12 hrs. absence of IAA mm./section/12 hrs. 
0.0 0.42 0.67 Dodie 1.54 2.20 2.48 
1.0 0.42 0.50 0.96 1.37 2.12 2.36 
5.0 0.41 0.33 0.65 1.04 1.96 2.27 


Table 9. Effect of 2,4-DCA on 2,4-D induced growth of Avena coleoptile sections. 


Le LL——Ö rn 


| Concentration of 2,4-D 
Concentration 
of 2,4-DCA 0.00 0.02 0.05 01-1 08.1 08 
mg./1. Growth in absence of 2,4-D|Growth in presence of 2,4-D minus growth in 
mm./section/12 hrs. absence of 2,4-D mm./section/12 hrs. 
0.0 0.41 0.33 0.56 0.80 1.35 | 1.60 
1.0 0.41 0.22 0.45 0.68 1.21 1.44 
5.0 0.42 0.11 0.25 0.43 1.07 | 1.31 
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Table 10. Constants which characterize the action of certain auxins (IAA and 2,4-D) and 
the antiauxin 2,4-DCA on the growth of Avena coleoptile sections. 


Substance K,(molar) K,(molar) Vinax mm./section/12 hrs. 
Bay ae FERN 3.6 X 10—7 | 2.56 
ZEA PN een ger Ane PEO SC 1027 | 1.73 
2,4-DCA 
in presence of IAA ......... 1.8 X 107 0.00 
in presence of 2,4-D ..... LOS 0.00 
Discussion 


The data presented above have shown that the growth response of Avena 
coleoptile sections to auxins conforms with some precision to the expectations 
of classical enzyme kinetics. The fact that this auxin-induced reaction can 
be so formulated and treated provides us not only with a rigorous method 
for testing whether or not growth inhibitors act as auxin competitors but 
provides us also with a convenient and quantitative method for the com- 
parison of the activity of various auxins and antiauxins. 

It has been customary in the past to describe the activities of diverse 
auxins in one of two general ways. Thus, on the one hand, activities have 
been described in terms of the concentration range over which the substance 
is effective or alternatively of the concentration range required to bring about 
some standard response. Or, on the other hand, compounds have been 
compared, usually qualitatively, in terms of the magnitude of the response 
which they can elicit. These two separate facets of auxin activity are exactly 
those described respectively by the parameters K, and Vmax of the present 
treatment. Thus K, may be regarded as that concentration of an auxin which 
causes a half maximal effect, regardless of the magnitude of this maximal 
effect. Vmax on the contrary is a measure of the maximal response elicited 
by an auxin when the latter is supplied in non-limiting concentrations. The 
parameter, Ks, possesses of course the dimensions of concentration and the 
K, values for individual auxins may therefore be compared directly not only 
as between varied auxins but also as between varied plants and type of 
response. The parameter Vmax, on the contrary, possesses the dimensions of 
response per unit time and will, therefore, be unique to each type of response 
to which kinetic treatment is applied. It is, of course, none the less possible 
to compare the relative values of Vmax for each of a series of auxins as 
between varied kinds of responses. 

The general methods for estimation of K, and Vax for auxin-induced 
growth responses are evident from figures 2A and 2B. It may be noted 
that in the present as in earlier work (16, 24) the dissociation constant 
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K, for 2,4-D has been found to be ca. 1.6 times as great as that for IAA. 
This signifies then that the affinity of IAA for the auxin-receptive sites within 
the plant is ca. 1.6 times as great as is the case for 2,4-D. That these sites 
when combined with IAA are intrinsically more active in promoting Avena 
coleoptile growth than when combined with 2,4-D is shown by the fact that 
the Vmax for IAA is ca. 1.5 that of 2,4-D. 

Just as the constants K, are a measure of the affinity of an auxin for 
auxin-receptive sites within the coleoptile, so the constants Ky; are a measure 
of the affinity of growth inhibitors for sites within the tissue. Since the 
inhibitors which have been here considered have all been shown to act 
competitively toward auxins we may conclude that the constants Ky are a 
measure of the affinity of the inhibitors for the same sites for which the 
constants K, measure auxin affinities. 

It is now apparent that molecules possessing structures which bear a 
close resemblance to an active auxin may possess antiauxin activity. Since, 
however, all auxin analogues are not antiauxins it appears that specific 
structural modifications of an auxin are required in order to produce an 
antiauxin. The nature of the structural modifications essential to antiauxin 
activity appear to be understandable in terms of the two-point attachment 
concept of auxin activity proposed by Muir et al. (29) and further elaborated 
by Foster et al. (16). According to this concept which is illustrated in figure 
6A, an auxin molecule undergoes attachment at an appropriate site within 
the plant through the carboxyl group as well as through interaction at the 
reactive ortho position. A molecule to be active as an auxin must be able 
to consummate such two-point attachment. 

It is apparent that certain of the antiauxins described above are simply 
2,4-D molecules in which one or the other of the two essential reactive groups 
has been eliminated. This is true of 2,4-DCA in which the essential carboxyl 
group of 2,4-D is eliminated. We may surmise that the resulting molecule 
is still able to make a single point attachment through the free ortho position 
to position no, 1 on the receptive site (see figure 6B). Even though 2,4-DCA 
cannot consummate the two-point -attachment requisite for activity, it is 
nonetheless able to prevent 2,4-D or other auxin molecules from making such 
attachment. Antiauxins also result when the essential ortho positions of 
2,4-D are blocked. This modification is illustrated by the antiauxin 2,6- 
dichlorophenoxyacetic acid (2,6-DCPA) (24) in figure 6C. Again the antiauxin 
may be surmised to be able to make a single point attachment, this time 
through the carboxyl group to position no. 2 of the receptive site. It is, 
however, unable to interact through either of the two halogen substituted 
ortho positions. The compound 2,4,6-trichlorophenoxyacetic acid (2,4,6- 
TCPA) (24) is similarly an antiauxin of this type. 
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Interaction point for 
carboxy! group 


Interaction point for 
ortho position 


Figure 6. Diagrammatic representa- 


: 5 Receptive site 2,4-DICHLOROANISOLE 
tion of the concepts of À, active 2,4-DICHLOROPHENOXYACETIC ACID (orho otiociunent only) 
receptor auxin complex formed (2 point attachment) 
through two-point attachment, and = 
; 5 ci 
B, C and D, inactive complexes C cl D Oe 
h Weta) sy, 
formed by three different types of x DA 
a Hc=o H30IC=0 


antiauxins each capable only of Ben RCE 
single point attachment. [er #2 | [a2 | 
2,6-DICHLOROPHENOXYACETIC  2,4-DICHLOROPHENOXYISOBUT YRIC 


ACID ACID 
(carboxy! attachment only) (2 point attachment blocked) 


Still another change may be made in the 2,4-D molecule to convert it to 
an antiauxin. It is apparent from the early data on the inactivity of trans 
isomers of compounds active in the cis form, that, as summarized in figure 
6A, a proper spatial relationship must exist between the essential side chain 
carboxyl group and the essential ortho position. It is possible then to 
interfere with this required spatial arrangement by introducing appropriate 
bulky groups or other forms of steric hindrance into the side chain. Such 
a modification is illustrated by 2,4-DCPIB in figure 6D and a similar 
argument applies to 4-CPIB. Thus steric hindrance in the side chain permits 
of single point attachment but prevents the consummation of the two-point 
attachment which is essential to auxin activity. 

Let us now consider what quantitative conclusions can be drawn from 
our knowledge of the values of Kı for these varied types of inhibitors. 
According to the formulation above, the inhibitor constants should provide 
us with the opportunity to determine separately the affinities of each inter- 
action point of the auxin molecule for its respective group on the receptive 
entity. The data of table 11 summarize the values of Kı for each of the 
inhibitors studied in the present investigation as well as those studied 
earlier (24). The AF values for the inhibitors (as calculated from Kj) are 
also included in this table as are values for K, and AF for the auxins JAA 
and 2,4-D. These values are averages of all experiments. The K; values for 
the diortho substituted phenoxyacetic acids, 2,6-DCPA and 2,4,6-TCPA, 
are closely similar and are about ten fold less than that for 2,4-DCA. Thus 
2,4-DCA, a compound lacking a carboxyl group, does not possess as great 
an affinity for its reactive site within the coleoptile as do those antiauxins 
which possess a free carboxyl group but no reactive ortho position. 2,4-DCA 
is, therefore, less effective as an antiauxin. These differences in binding 
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Table 11. Free energy of formation and equilibrium constants for establishment of some 
auxin and antiauxin complexes with Avena coleoptile sections. 


i 


Substance K,(molar) K,(molar) AF (cal./mole) 
I 0... 3.6 X 10-7 —_8800 
DAS NT me severe 5.3 < 107 — 8500 
POI ONS Le meer 3.9.x 106 — 7400 
DRAG ON ee esse ende 2.1 x 10= — 7700 
ACTE ee OP 10-6 — 7500 
DAEDGRIBE. een 3.5 < 108 — 7400 
DEAS) GAG se meneemeedeeesee 1834 10-2 — 6500 


affinities are reflected in the AF of binding which is approximately 
1000 cal./mole less for 2,4-DCA than for those antiauxins possessing a free 
carboxyl group. The fact that the values of K; for 4-CPIB and 2,4-DCPIB 
are essentially identical to those for the diortho substituted antiauxins, which 
have free carboxyl groups, but are quite different from the Kı value for 
2,4-DCA or the K, value for 2,4-D indicates that the halogen substituted 
phenoxyisobutyric acids interact through the carboxyl group in preference 
to interacting through the free ortho position or through both positions. This, 
of course, is to be expected since the carboxyl group possesses an approxi- 
mately ten fold greater affinity for its site than the ortho position does for 
its site. 

Although a spatial configuration has been assigned to 2,4-DCPIB in figure 
6D, it is obvious that this planar representation does not properly present 
the three dimensional state of affairs. It might properly be asked whether 
the presence of the two a-methyl groups does actually prevent proper 
approximation of carboxyl and ortho groups. The Hirschfelder model of 
2,4-DCPIB reveals that this molecule is capable of assuming a configuration 
in which the spatial arrangement of the carboxyl group relative to the free 
ortho position is not greatly different from that in 2,4-D. The inactivity 
‚of 2,4-DCPIB cannot therefore be attributed merely to prevention by the 
bulky methyl groups of proper approximation of carboxyl and reactive 
ortho groups. 

That the phenoxyisobutyrie acids are completely without auxin activity 
in the Avena coleoptile section test suggests then that still another factor 
is involved in the inability of these molecules to consummate two-point 
attachment. Such a factor might well be the presence of an additional 
barrier or protuberance in the receptor site between positions no. 1 and 
no. 2. That such a hindrance or barrier does in fact exist is indicated by 
the AF values of table 11. If there were no barrier between positions no. 1 
and no. 2 it would be expected that the AF for the two-point attachment 
of 2,4-D would approximately equal the sum of the AF’s for attachment 
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at the two separate points. This is not so since the AF for 2,4-D is con- 
siderably less than the sum of the AF’s for the two types of antiauxins. Thus 
once a single point attachment has been made the second attachment is more 
difficult than is the case if the molecule is starting from scratch. It may 
be suggested, therefore, that the inactivity of the phenoxyisobutyric acids 
as auxins and their activity as antiauxins is to be accounted for by the 
presence of a barrier between positions no. 1 and no. 2 of the auxin-receptive 
entity. The bulky methyl groups on the a-carbon atom of the side chain 
prevent the side chain carboxyl group and the free ortho position of the 
phenoxyisobutyric acids from assuming the initimate spatial orientation 
essential to two-point attachment although single point attachment is 
nonetheless possible. A similar explanation suggests itself for the lack of 
auxin activity of one stereoisomeric form of a- AS propionic acids and 
the auxin activity of the enantiomorphs. 


Smith et al. (33) have suggested that the a-hydrogen atom of the side 
chain in active aryloxy-acids is somehow essential to auxin activity. While 
the evidence available relative to the activity or the inactivity of stereo- 
isomeric forms of a-aryloxy propionic acids and the phenoxyisobutyric 
acids might at first seem to lend support to this hypothesis, the available 
kinetic evidence does not favor a three-point attachment concept. It has 
been pointed out by Foster et al. (16) that the kinetics of the auxin growth 
reaction at high auxin concentrations is compatible only with a requirement 
for a two-point attachment of the auxin molecule to the receptive entity 
within the plant. Furthermore, the two-point attachment concept is equally 
applicable to the auxin active substituted benzoic acids which do not posses 
an a-hydrogen atom, to the aryloxy-acids and to other types of active auxin 
molecules. 

The evidence presented above indicates then that an antiauxin results 
when an active auxin molecule capable of consummating two-point attach- 
ment, is so modified that it is only able to undergo attachment at a single 
point to the auxin receptive entity within the plant. There are at least three 
such changes which can be made in an auxin of the phenoxyacetic acid series 
and these modifications may be summarized as follows: 


(1) Elimination of the carboxyl group and retention of an unsubstituted 
ortho position (e.g. 2,4-DCA). 

(2) Blocking of both ortho positions by substitution, with retention of the 
carboxyl group (e.g. 2,6-DCPA). 

(3) Prevention of proper spatial relationships between carboxyl and reactive 
ortho groups, for example, by bulky methyl! substituents on the a-carbon 
(e.g. 4-CPIB). An unsubstituted ortho position is not essential. 
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Table 12. Effect of 2,4,6-TCA on IAA induced growth of Avena coleoptile sections. 


LT 


Concentration of IAA 


Concentration 0.00 0,02 6,05... 20.17.08 1.0 

of 2,4,6-TCA =: 

Growth in absence of IAA] Growth in presence of IAA minus growth in 
mm./section/12 hrs. absence of IAA mm./section/12 hrs. 

OR en a le ae RS ee 

0.0 0.42 0.61 1.18 1.57 2.22 2.54 

0.1 0.42 0.64 1.16 1259 2.17 2.47 

0.5 0.43 0.63 1.14 1.54 2.18 2.46 

1.0 0.41 0.61 IE, 1.54 2.20 2.50 

5.0 0.40 0.59 1.17 1.56 2.16 2.52 


As a critical test of the foregoing concept the compound 2,4,6-trichloro- 
anisole (2,4,6-TCA) was examined for antiauxin activity. 2,4,6-TCA, a 
compound related to 2,4-DCA, lacks a carboxyl group and has both ortho 
positions blocked. It should not, therefore, be active as an antiauxin. Table 12 
shows the effect on Avena section growth of 2,4,6-TCA alone and in the 
presence of IAA. It is evident that 2,4,6-TCA, at concentrations up to 
5.0 mg./l., is inactive as an auxin and does not inhibit IAA induced section 
growth. Entirely similar results have been obtained with 2,4,6-TCA when 
2,4-D is used as the auxin. This compound in which both reactive groups 
are absent is, therefore, neither an auxin nor an antiauxin. 


It is of interest to inquire in how far compounds which have earlier been 
described in the literature as antiauxins fit the requirements for single point 
attachment outlined above. A list of such compounds is presented in table 13. 
It is at present convenient to divide the list into the following five classes: 


Class I: — Aryloxy compounds with free ortho position but lacking a 
carboxyl group. 

Class II: — Compounds with carboxyl group but having ortho positions 
blocked. 

Class III: — Compounds with steric hindrance in side chain. 

Class IV: — Compounds with auxin activity but of low Vaax- 

Class V: — Substituted benzoic acids lacking auxin activity. 


The first three classes of antiauxins include the types of compounds which 
have been discussed in this paper. Compounds of low Vmax (class IV) are 
not true antiauxins although the present kinetic treatment may be satis- 
factorily applied to their interaction in the plant with auxins of higher Vyax, 
as shown by McRae et al. (25). Since it has been shown by Muir and Hansch 
(28) that the rules which govern activity in the substituted benzoic acids are 
superficially different from those which govern activity in the phenylacetic 
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Table 13. A literature summary of compounds reported to possess antiauxin activity 


Class 


Substance 


2,4-Dichloroanisole 


(auxin antagonists). 


—— 


Nature of Antagonism 


Competitively inhibits IAA 
and 2,4-D induced growth 
of Avena coleoptiles. 

Increases rate of cucumber 
root elongation 

Antagonizes phenoxyacetic 
acid induced inhibition of 
cress root growth. 

Antagonizes 2,4-D induced 
inhibition of flax root 
growth. 


Author 


Bonner (7) 
This investigation 
Thompson ef al. (37) 


Audus and Shipton (6) 


Aberg (5) 


II 


2,6-Dichlorophenoxy- 


2,4,6-Trichlorophenoxy- 
acetic acid 


Competitively inhibits IAA 
and 2,4-D induced growth 
of Avena coleoptiles. 

Increases rate of isolated 
flax root elongation. 


Competitively inhibits IAA 
and 2,4-D induced growth 
of Avena coleoptiles. 

Increases rate of isolated 
flax root elongation. 


McRae & Bonner (24) 


Unpublished Data 


McRae & Bonner (24 


Unpublished Data 


Ill 


4-Chlorophenoxyiso- 
butyric acid 


orophenoxy. | 
acetic acid | 
| 

| 

| 

| 


2,4-Dichlorophenyl- 
sulfoxideacetic acid 


2,4-Dichlorophenyl- 
sulfoneacetic acid 


3-Indoleisobutyric acid 


sulfide)-propionic acid 


f 
\ 
a-(1-Naphthylmethyl- | 


Increases rate of wheat root 


elongation. Antagonizes 
IAA induced inhibition of 
wheat root growth. 

Competitively inhibits IAA 
and 2,4-D induced growth 
of Avena coleoptiles. 


Increases rate of wheat root 
elongation. 


Increases rate of wheat root 
elongation. 


Increases rate of wheat root 
elongation. 


Increases rate of flax root 
elongation and antago- 
nizes IAA, NAA and 2,4-D 
induced inhibition of flax 
root growth. 

Antagonizes (+)-a-(2 naph- 
thoxy)-propionic acid in- 
duced inhibition of flax 
root growth. 

Antagonizes phenylacetic, 
y-phenyl butyric, cyclo- 
hexaneacetic and (+)-a- 

phenoxypropionic acid in- 

duced inhibition of flax root 
growth. 


Burström (10, 11) 


This investigation 
Wilske & Burstrôm (39) 
Wilske & Burstrôm (39) 


Burstrôm (11) 


Aberg (2, 3) 


Aberg (2) 


Aberg (4) 
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ET 


| ee = Se Se eS 


Increases rate of wheat root 
elongation.’ Burström (12) 
Antagonizes a-phenoxypro- 
pionic acid induced in- 
Phenoxyisobutyric acid hibition of wheat root 
growth. Burström (12) 
Antagonizes 2,4-D induced 
inhibition of flax root 


growth. Äberg (4) 
2-Chlorophenoxyiso- Increases rate of wheat root 
butyric acid elongation. Burström (12) 
3-Chlorophenoxyiso- Increases rate of wheat root 
butyric acid elongation. Burström (12) 


Increases rate of wheat root 
elongation. Burström (12) 
Competitively inhibits IAA 
and 2,4-D induced growth 


2,4-Dichlorophenoxyiso- 
butyric acid 


of Avena coleoptiles. This investigation 
2,4,5-Trichlorophenoxy- Increases rate of wheat root 
isobutyric acid elongation. Burström (12) 
2,4,6-Trichlorophenoxy- Increases rate of wheat root 
isobutyric acid elongation. Burström (12) 
2,3,4,5,6-Pentachloro- Increases rate of wheat root 
phenoxyisobutyric elongation. Burström (12) 
Increases rate of flax root 
elongation and antagonizes 
UT | (—)-a-(2-Naphthoxy)- 2,4-D and (+)-a-(2-naph- 
propionic acid thoxy)-propionic acid in- 
duced inhibition of flax 
root growth. Äberg (2) 
(+)-a-(1-Naphthoxy)- Increases rate of flax root 
propionic acid elongation. Aberg (2) 


Antagonizes IAA, 2,4-D, NAA 
and cis-cinnamic acid 
induced growth of pea 
sections. van Overbeek et al. (38) 


Increases rate of flax root 
elongation and antagonizes 
2,4-D induced inhibition 
of flax root growth. Aberg (3) 

Increases rate of flax root 
elongation and antagonizes 
2,4-D induced inhibition 
of flax root growth. Aberg (3) 

Increases rate of flax root 
elongation and antagonizes 
2,4-D induced inhibition 
of flax root growth. Aberg (3) 

Increases rate of flax root 
elongation and antagonizes 
IAA, NAA and 2,4-D in- 
duced inhibition of flax 
root growth. Aberg (1, 3) 


Trans-cinnamic acid 


ne us 


a-(2-Naphthylmethyl- 
sulfide)-propionic acid 


1-(Naphthylmethyl- 
sulfide)-propionic acid 


2-(Naphthylmethyl- 
sulfide)-propionic acid 


a-(1-Naphthylmethyl- 
sulfide)-isobutyric acid 


on ee, 
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a-(2-Naphthylmethyl- | 
sulfide) -isobutyric se 


Increases rate of flax root 
elongation and antagonizes 
2,4-D induced inhibition 


3-Nitro-4-fluorobenzoic 
acid 


of flax root growth. Aberg (3) 
J Increases rate of flax root 
1-Naphthylmethyl- elongation and antagonizes 
selenideacetic acid | 2,4-D induced inhibition 
of flax root growth. Aberg (3) 
| Increases rate of flax root 
2-Naphthylmethyl- elongation and antagonizes 
selenideacetic acid | 2,4-D induced inhibition 
of flax root growth. Aberg (3) 
Ill | Increases rate of flax root 
ö-(Naphthylmethyl- elongation and antagonizes 
selenide)-n-valeric elk 2,4-D induced inhibition 
of flax root growth. Aberg (3) 
vb Antagonizes (+)-isomer in- 
( PEUR J duced growth of Avena 
DIPR \ coleoptiles. Smith et al. (33) 
(—)-a-(2,4-Dichloro- Antagonizes (+)-isomer in- 
phenoxy)-propionic duced growth of Avena 
acid coleoptiles. Smith et al. (33) 
(—) -a- (2,4,5-Trichloro- Antagonizes (+)-isomer in- 
phenoxy) -propionic duced growth of Avena 
acid coleoptiles. Smith et al. (33) 
: : f| Antagonizes IAA induced 
y-Phenylbutyric acid \ Avena curvatures. Skoog et al. (32) 
Galston (17) 
es 5 -,f| Antagonizes IAA induced} | de Waard and Flor- 
2,3,5-Triiodobenzoic LE Avena curvatures. schütz (15) 
Thimann & Bonner (36) 
Antagonizes 2,4-D induced 
Kr inhibition of flax root n 
: : growth. berg (4) 
-| Phenoxyacetic acid Antagonizes 2,4-D induced 
inhibition of cress root 


growth. 


Increases rate of cucumber 
root elongation and anta- 
gonizes 2,4-D induced 
inhibition of cucumber 
root growth. 


Audus & Shipton (6) 


Minarik et al. (27) 


and phenoxyacetic acid series, it is necessary for the present to consider 
benzoic acids separately from classes I and II. Class V, therefore, consists 
of auxin inactive substituted benzoic acids which posses antiauxin properties. 
It is evident at once from table 13 that the great bulk of substances to which 
antiauxin activity has been attributed fall into catagories I, II and parti- 


506 D. HAROLD MCRAE AND JAMES BONNER 


cularly III of this paper. The present formulation of the basis of antiauxin 
activity is therefort broadly applicable. 

There have been conflicting reports concerning the auxin or antiauxin 
activity of certain of the compounds listed in table 13. Thus Audus and 
Shipton (6) in a study of root growth failed to find any general interaction 
of 2,4-DCA with auxins, and have concluded that 2,4-DCA may not be an 
antiauxin. The methods used by Audus and Shipton are, however, quite 
unsuitable to the quantitative study of this matter since the concentrations 
of 2,4-DCA which they used were in general high enough to be themselves 
inhibitory to root growth. In the few experiments in which Audus and 
Shipton used non-inhibitory concentrations of 2,4-DCA they actually showed 
that the substance alleviates auxin-induced root gowth inhibition. It is evident 
from the investigations of Aberg (2, 3, 4, 5), who has demonstrated clear-cut 
reversal of auxin-induced root growth inhibition by antiauxins, that this 
result is obtained only with concentrations of antagonist which are not of 
themselves inhibitory or only slightly so. If the two-point attachment concept 
for auxin activity applies to root growth, it is to be expected that inhibitions 
caused by high antiauxin concentrations will be additive to inhibitions caused 
by high auxin concentrations. This matter will however be dealt with in 
greater detail in a future communication. It is true that 2,4-DCA is a less 
effective antiauxin than either the substituted isobutyric acids or the diortho 
substituted phenoxyacetic acids. The present experiments do however 
unequivocally establish this compound as a true competitive auxin inhibitor 
in the Avena section. 

It has been shown earlier (24) that 2,6-DCPA is without growth promoting 
activity for the Avena coleoptile and the same is true of 2,6-DCPA in the 
pea test (31). 2,6-DCPA has also been found to be without auxin activity 
by Synerholm and Zimmerman (34) and by Hansch and Muir (18). The 
pea test activity attributed to the compound by Thimann (35) is no doubt 
Owing to active impurities in the samples used, particularly since there is a 
marked negative correlation between activity and melting point of his 
several preparations. 

It is of interest to note that Osborne and Wain (30) have found that. 
certain aryloxyisobutyric acids (several of those listed in table 13 as antiauxins) 
induce positive curvatures in the pea test but are inactive in other tests. 
involving cell elongation. Although it is evident that there are differences. 
in chemical specificity between the pea curvature test and the Avena 
coleoptile section test, no satisfactory explanation has been presented to: 
account for the difference. 

The lone substituted benzoic acid listed in class V is representative of a 
large number of benzoic acids which appear to belong to to this catagory. 
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Minarik et al. (27) have shown that 3-nitro-4-fluorobenzoic acid is the most 
active of thirty-five benzoic acid derivaties capable of increasing rate of 
elongation of cucumber roots although it has not been established that the 
action is a competitive one. It has not as yet been shown whether the sub- 
stituted benzoic acids other than 3-nitro-4-fluorobenzoic acid are capable 
of antagonizing auxin induced root inhibition or auxin promoted growth as 
in Avena sections. Neither do we know at the present time whether these 
compounds function as antiauxins by single point attachment at the ortho 
interaction point, at the carboxy] interaction point of the receptive site within 
the plant or otherwise. As this information becomes available it will doubtless 
be possible to assign the substituted benzoic acids to their appropriate places 
in class I or II. 

There are at least two further general groups of compounds which have 
the ability to inhibit auxin-induced growth responses. These groups, certain 
phenols and certain unsaturated lactones respectively, have not been included 
in table 13 because it is quite clear for the unsaturated lactones, at least, 
that their action is not competitive (8, 36). With respect to the phenols, 
however, the matter is not quite so clear. Auxin-induced root inhibitions have 
been alleviated slightly by 1-naphthol (1) and by 2,4-dichlorophenol (6). 
Since the information available concerning these compounds does not 
demonstrate that they interact competitively with auxins, the two phenols 
have not been included in table 13. 

The compound maleic hydrazide, which undoubtedly exerts its apparent 
antiauxin action in the enolic form, has likewise not been placed in table 13. 
Kinetic treatment of the results obtained by Leopold and Klein (22) indicates 
that maleic hydrazide interacts with auxins in a manner which is qualita- 
tively but not quantitatively that expected of an antiauxin. Thus, the data 
of Leopold and Klein show that maleic hydrazide inhibition is dispropor- 
tionately greater than expected at low auxin concentrations. It has been 
found during the present work with Avena coleoptile sections that maleic 
hydrazide in concentrations of 1, 10 and 50 mg./l. is disproportionately 
inhibitory in the presence of low auxin concentrations. Maleic hydrazide 
is not, therefore, a strictly competitive inhibitor as are the antiauxins con- 
sidered in the present study. 

The extensive work of the past two decades on the relation of chemical 
structure to auxin activity has shown that three features of the molecule 
are of critical importance to the biological activity of the substance. We 
may summarize the considerations of the present paper by a formulation 
of the principles which govern antiauxin activity. An antiauxin appears in 
general to be merely an auxin-like molecule in which one but not all of 
the features essential to activity is lacking. 
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Summary 


1. The auxin-induced growth of the Avena coleoptile section may be 
formally treated by the methods of classical enzyme kinetics. The kinetic 
treatment, which is based on the supposition that auxin exerts its effect 
through and becomes attached to an auxin-receptive site within the plant, 
makes it possible to characterize the growth promoting activity of an auxin 
by two parameters, K, and Vmax. These express respectively the affinity of 
the auxin for the auxin-receptive site within the plant and the ability of 
the complex thus established to promote growth. 

2. Treatment of Avena section growth data by the methods of enzyme 
kinetics makes it possible to determine rigorously whether or not inhibitors 
of auxin-induced growth are true antiauxins and act by competing with 
auxin for the auxin-receptive site within the plant. 

3. Certain auxin-inactive derivatives of 2,4- dichlorophenoxyacetic acid 
(2,4-D) act as strict antiauxins in the Avena section. Among such substances 
are 2,4-dichloroanisole, 2,4-dichlorophenoxyisobutyric acid and 4-chloro- 
phenoxyisobutyric acid. 

4. The affinity of the auxin-receptive sites within the plant for indoleacetic 
acid is slightly greater than for 2,4-D. The affinities of these same sites 
for the substituted phenoxyisobutyric acids are approximately ten fold less 
and are approximately equal to the affinities for the auxin-inactive diortho 
substituted phenoxyacetic acids previously studied. The affinity of the auxin- 
receptive sites for 2,4-dichloroanisole is still another 10 fold less. 2,4-Dichloro- 
anisole is therefore a less effective antiauxin than either of the other two 
groups of materials. 

5. Each of the substances here investigated and shown to be an antiauxin 
can be considered as derived from an active auxin by elimination of one of 
the structural features essential to auxin activity. This may apparently be 
accomplished in any of the following three ways: 


a. elimination of the essential carboxyl group 

b. elimination of the essential reactive ortho group 

c. elimination of proper spatial relationships between groups a and b as 
by introduction of bulky groups in the side chain. 


6. A survey of the literature has shown that most if not all presently 
known auxin antagonists which are themselves without auxin activity may 
be characterized as belonging to categories a, b, or c above. 

7. Earlier investigations of various authors have indicated that a com- 
pound to be active as an auxin must be capable of consummating a two-point 
attachment to an auxin-receptive site within the plant. The results of the 
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present investigation suggest that a compound to be active as an antiauxin 
must be capable of combining at one point but incapable of simultaneously 
combining at both points of this same receptive site. 


34 
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Introduction 


That the uptake of water by plant tissues is promoted by the application 
of plant growth substances such as indole acetic acid (IAA) was first estab- 
lished by Reinders in 1938 for the potato tuber (15). The existence of such 
auxin-induced water uptake was soon confirmed by other investigators (Com- 
moner, et al. 4,5 Van Overbeek, 20, 21 and the observations extended to a 
variety of plant tissues. Among the more important of the descriptive facts 
which are known concerning the process are (a) that under the influence 
of added auxin certain tissues appear to be able to take up water from solu- 
tions which are hypertonic with respect to the cell contents (4, 21), and (b) 
that the water uptake is dependent upon aerobic conditions (15, 16), does 
not occur anaerobically, and is inhibited by typical respiratory inhibitors 
(7, 20). Auxin-induced water uptake thus resembles other auxin-induced 
responses such as cell elongation in its intimate dependence on respiration. 
{t is the purpose of the present paper to describe experiments which give 
some insight into the nature of the linkage between auxin-induced waier 
uptake and respiration and which may therefore help toward an understand- 
ing of the linkage between respiration and auxin-induced plant growth res- 
ponses in general. 

1 This paper was presented before the Annual meeting, American Society of Plant Phy- 
siologists (Western Section), Corvallis, Oregon, June, 1952. —- Report of work supported 


in part by the Herman Frasch Foundation. 
2 Recipient of Fulbright Travel Grant, administered by Institute of International 


Education. 
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It has been known since the work of Reinders (15, 16) that auxin applied 
to a sensitive tissue such as that of the potato or Jerusalem artichoke tuber, 
causes not only water uptake, but also a considerable rise in respiratory rate. 
Such rises in respiratory rate accompany numerous other auxin-induced plant 
responses (reviewed in Bonner and Bandurski, 2). It will be shown below 
that so far as water uptake is concerned, increase in respiratory rate is not 
caused by auxin per se, but is associated with the act of taking up water. 
The plant growth substance induces the energy-consuming process of water 
accumulation. The increase in respiratory rate appears to be merely a res- 
ponse to an increased rate of energy expenditure. 


Materials and Methods 


The experiments here reported were done with tissues of the Jerusalem 
artichoke (Helianthus tuberosus) tuber, an object found by Reinders (16) to 
exhibit particularly spectacular auxin-induced water uptake. Plants (of a 
single clone) were grown in the field during.the summer and fall. The fully 
dormant tubers, harvested in March, were stored in damp sphagnum at 0.5° C 
until used. The use of fully dormant tubers is important since non-dormant 
tubers exhibit evidence of increasing levels of endogenous auxin. 

For the experiments, discs 2 mm. thick and 8 mm. in diameter were cut 
from the tubers with a cork borer and razor blade. The discs, were pooled, 
randomized, washed briefly and were then suspended in lots of 40—50 in 
baskets of stainless steel gauze each held in a 250 ml. beaker containing the 
desired solution. Incubation was at 25° C. Each lot of discs was vigorously | 
aerated through a sintered glass gas dispersion tube placed directly below 
the basket. In all of the experiments a standard basal medium, 0.005 M in 
KH,PO, (pH 4.5) was used. This served the twofold purpose of defining the 
pH of the medium and of supplying the potassium ions which act in the 
Avena section as a cofactor for maximum auxin activity (Cooil, 6). It is not 
apparent however that potassium ions fill the same role in the present case. 
Mannitol was used as indicated as the osmotically active external solute. 
Solutions were renewed daily over the 1 to 4 days of each experiment. 

Water uptake was determined as the increase in fresh weight of the discs. 
For these measurements, the discs were first surface dried by blotting with 
filter paper. Gas exchange determinations were made at 30° C. using standard 
manometric procedures. 


Results 


Auxin-induced water uptake as an active process. It will first be shown 
that the water uptake under study appears to be an active metabolic process 
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rather than a purely osmotic one. The osmotic concentration of the cells of 
the tissue used was measured by the method of incipient plasmolysis. Thin 
slices cut from discs subjected to varied pretreatment were soaked for 5—15 
minutes in unaerated solutions of graded mannitol concentration, and were 
then examined microscopically. Since the solutions are not aerated, respiration- 
dependent water accumulation process may be expected to be minimal. The 
osmotic concentration (at incipient plasmoysis) of the tubers was found to 
be approximately 0.12 M as measured in this way. Similar values were obtain- 
ed for tissue pretreated with auxin and for untreated tissue, a fact in agree- 
ment with the observations of Hackett on the potato (9). 

When Jerusalem artichoke discs are incubated under aerobic conditions 
and in the absence of added auxin they lose water to solutions of an osmotic 
concentration greater than approximately 0.1 M (in mannitol) as is shown in 
figure 1. Thus the diffusion pressure deficit of the non-auxin treated tissue 
approaches but is less than its osmotic concentration as determined by the 
method of incipient plasmoysis. The data of figure 1, show however that 
similar tissue incubated in the presence of added auxin (IAA, 5 mg./l) gains 
in weight and is therefore capabie of removing water from solutions which 
are more concentrated than the 0.12 M found for the osmotic concentration 
of the tissue. Rapid and extensive water uptake occurs when the tissue is 
immersed in a solution of 0.2 M concentration, and even in the presence 
of an external concentration of 0.4 M, water uptake is not completely sup- 
pressed. 

The experiment of Figure 1 was done with discs which were incubated 
through the course of the experiment (4 days) in solutions of the indicated 


514 JAMES BONNER, ROBERT S. BANDURSKI, AND ADELE MILLERD 
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concentration. It might be objected that the mannitol penetrates into the 
tissue in significant amounts during the experimental period thus increasing 
the osmotic concentration of the tissue. That this is not so is shown by the 
fact that in the case of discs in solutions more concentrated than 0.1 M, 
water uptake is changed to water loss when the solutions are made anaerobic 
(see for example Table 2). Further evidence that mannitol penetration is not 
an important factor in this work comes from another type of experiment. 
Tissue which had been pretreated with auxin until active water uptake had 
become well extablished (24 hours in the present case) was transferred to 
solutions of graded mannitol concentration, and water uptake measured 
over a further 24 hour period. The results of such an experiment, presented 
in figure 2 are essentially similar to those of figure 1 and indicate that even 
over this shorter time of exposure to the mannitol solutions, water is taken 
up from solutions containing solute concentrations well above the osmotic 
concentration of the tissue. 

Respiration and water uptake. It has been shown by Reinders that auxin- 
induced water uptake is accompanied by increased rate of respiration. That 
the respiratory rate of Jerusalem artichoke discs is increased by added IAA 
is shown by the data of figure 3. The increase in rate is considerable, 
amounting to 72 per cent for discs immersed in solutions containing only the 
KH,PO, (0.005 M) in addition to auxin. The increase in respiratory rate is 
not immediate as is the case with the Avena coleoptile (Bonner, 1) but paral- 


lels the increasing rate of water uptake with an initial lag period for both 
processes of several hours. 
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The increase in respiratory rate caused by the application of IAA to Jeru- 
salem artichoke tissue is related to the osmotic concentration of the external 
medium as shown in figure 3. The respiratory rate of the auxin treated tissue 
decreases steadily with increasing concentration of the external solute and 
approaches the respiratory rate of nonauxin-treated tissue at a mannitol 
concentration of 0.4 M. The effects of auxin on respiratory rate may now be 
compared with the effects of auxin on water uptake. Such a comparison is 
made in figure 4 in which total auxin-induced water uptake and average 
auxin-induced increase in respiratory rate over a 4 day period are plotted 
as a function of external solute concentration. Although the two curves do 
not coincide in detail, still it is clear that in general, the respiratory increase 
is large at low external solute concentrations where auxin-induced water 
uptake is also large and that the respiratory rise is small at high external 
solute concentrations where the auxin-induced water uptake is also small. 
A portion of the discrepency between the two curves may possibly be attri- 
buted to uncertainty concerning how much of the water uptake and how 
much of the respiration in the tissue not supplied with auxin may actually 
be associated with the endogenous auxin of the tissue. 

It may be suggested as a hypothesis (which will be further examined below) 
that the respiratory response of Jerusalem artichoke tissue to added auxin 
is not to be attributed to a direct effect of auxin on the respiratory system, 
but rather is a response to the process of auxin-induced water uptake. This 
as has been shown above, appears to be an energy consuming process since 
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Figure 4. Effects of auxin on respiration and on water uptake as a function of external 
osmotic concentration. 


water may be moved from a solution of low water concentration to one of 
higher concentration. The present hypothesis suggests that the coupling of 
respiration to water uptake is similar to that involved in the accumulation 
of salt by roots. In this case also, increases in rate of respiration accompany 
the performance of osmotic work (Lundegardh and Burstrôm, 12, Robert- 
son, 17). 

Phosphorylative coupling in the Jerusalem artichoke. The hypothesis that 
the coupling of respiration to water uptake is an energetic one may be tested 
by the use of the inhibitor 2,4-dinitrophenol (DNP). This inhibitor, both in 
animals (Loomis and Lipmann, 11) and in plants (Bonner and Millerd, 3) 
acts by severing the linkage between respiratory oxidation and energy stor- 
age as for example in ATP. That DNP in the low concentration of 3X 10? M 
does in fact suppress auxin-induced water uptake is shown by the data of 
Table 1 (as well as by the work of Hackett and Thimann, 8). When tissue 
which is actively carrying on auxin-induced water uptake from hypertonic 
solution (0.2 M mannitol), is supplied with DNP or is placed under anaerobic 
conditions water uptake is immediately changed to water loss (Table 2). That 
the water accumulating mechanism is in some way powered by the ATP 
produced in oxidative phosphorylation may be inferred from these experi- 
ments. This conclusion is in agreement with observations on a variety of 
other auxin-induced processes in a variety of tissues. Thus the auxin-induced 
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Table 1. DNP inhibits the IAA induced uptake of water. Jerusalem artichoke aerated in 
0.005 M KH2PO4. Total water uptake over 4 day period. Average rate of oxygen consump- 
tion over same 4 day period. 

a RT ee 


SEE Concentration of Oxygen uptake | Water uptake gm 
IAA | DNP el/gm/hr. | H,0/gm tissue 
None None 65 | 0.089 
5mg/1 None 114 | 0.466 
None 3 X 10—5 M 116 0.033 
5mg/1 3X 10—5 M 107 0.075 


growth of the Avena coleoptile is inhibited by DNP (Bonner, 1) as is the auxin 
induced water uptake of the potato tuber (Hackett and Thimann, 7). The 
osmotic work performed by the root in accumulating salt, a respiration 
dependent process, is also inhibited by DNP (Robertson, Wilkins, and Weeks, 
18) and here also the coupling of respiration to the execution of metabolic 
work would appear to be mediated by ATP. 


Properties of DNP and IAA-increased respiration. Dinitrophenol like indole- 
acetic acid possesses the ability to increase the rate of respiration of Jerusa- 
lem artichoke tissue, (Table 1). That the effects of the two substances are not 
additive but rather complementary is shown in Table 3. In tissue treated 
with indoleacetic acid, dinitrophenol no longer possesses the ability to incre- 
ase respiratory rate. It is possible then that the two reagents act through 
the same general system, both functioning to remove the same rate limiting 
factor, and both resulting in the replacement of the original limiting factor 
by a new and identical one. 


It is of interest that the increases in respiration caused by DNP or by IAA 
are qualitatively similar to the basal respiration so far as may be judged by 
studies on their overall characteristics. The data of Table 4 show, for example, 
that the respiratory quotients of tissue in DNP or in IAA is not greatly dif- 
ferent from the respiratory quotients of untreated tissue. The data of Table 5 


Table 2. Water balance of Jerusalem artichoke tissue during a 24 period in 0.2 M mannitol. 
All of the discs were first allowed to take up water aerobically for 24 hours in the presence 
or absence of IAA and in 0.2 M mannitol. 


Water uptake or loss mg/24 hrs/2.4 gms tissue 

IAA conc. mg/l DNP cone. molal aerobic conditions anaerobic conditions 
none none J 0 —10 
none SD QUE — 40 — 30 
5 none +90 A 
5 Bie Ne —50 —30 
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Table 3. Effects of IAA and DNP on the Respiration of Jerusalem artichoke. 


Tissue treated |DNP added at timelO, uptake Increase due to DNP Increase due to IAA 
7 days in: of measurement | 1l/gm/hr. ul/gm/hr. Ojo ul/gm/hr. 0/0 
Buffer alone = te a 38 98 1 La 
IAA 1 mg/l | oe 2 es 52 ts . 
IAA 10 mg/l =| an a 7 9 7 "9 


show that the overall sensitivity of the respiratory gas exchange to such in- 
hibitors as cyanide and malonate remains unchanged in the presence of DNP 
or IAA. It would appear then that the increases in respiration evoked by these 
agents represent merely more of a respiration which is similar in nature to 
the basal respiration. 

Regulation of the respiratory rate. The respiratory rate of discs of Jeru- 
salem artichoke tubers is increased by DNP when this material is supplied 
in the concentrations which inhibit auxin-induced water uptake. Increase in 
rate of respiration by DNP is a property common to many plant tissues as 
has been recorded for example with the Avena coleoptile (Bonner, 1, Kelly 
and Avery, 8), the carrot root (Robertson, Wilkins and Weeks, 18) and the 
preclimacteric avacado fruit (Millerd et al., 14). The increases in respiratory 
rate which result from DNP application in these cases appears to be owing to 
the fact that in the resting tissue, respiratory rate is limited by the con- 
centration or rate of turnover of the adenyl phosphates. Thus in the Avena 


coleoptile addition of a phosphate acceptor such as adenylic acid (AMP) ser-. 


ves to increase the respiratory rate (1). In the mung bean (Millerd, et al., 14, 
Bonner and Millerd, 3) and in the avacado (Millerd, et al., 14) which have 
been intensively studied in vitro it has been shown directly that DNP, by 
severing the phosphorylative coupling mechanism abolishes the normal 


Table 4. Respiratory quotients of Jerusalem artichoke discs in the presence and absence 
of IAA and DNP. 


Source. of disca Treatment in Gas exchange }1l/gm/hr. 
’ vessels R. Q. | 
CO, 0, | 
Fresh discs ana. control | 39 44 0.89 
resn discs x DNP 3 > 10-5M 77 82 0.99 
Discs 8. days in... control, 25 27 0.90 
a { IAA 5 mg/l 58 69 0.84 
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Table 5. Cyanide and malonate inhibition of respiration of Jerusalem artichoke discs and 
of the increased respiration caused by DNP and IAA. 
a a es MTS EN RE 


Pre Treatment |lreatment in vessel Inhibitor Sa dea saa 0/0 inhibition 
1 I 
none none 46 =- 
: none HCN 3 X 10-3M 0 100 
Fresh discs ...... DNP 3 X 10—5M | none 72 Ei 
DNP 3X 10-5M | HCN 3X 10-37 0 100 
none none 46 = 
; none malonate 2 X 10—2M 34 26 
Fresh discs ...... DNP 3X10—5M | none 79 Er 
DNP 3X 10-8M | malonate 2 X 10-?M 53 26 
8 days in 
1 none none 27.5 = 
Water ......... { none HCN 3 X 10—3M 0 100 
IAA 5 mg/l none 69 = 
gone { IAA 5 mg/l HCN 3 X 10-3M 0 100 


dependency of respiratory rate on phosphate acceptor and hence permits 
the respiratory oxidations to proceed at a rate determined only by substrate 
availability or other factors. That this is so for the Jerusalem artichoke is 
shown by the data of Table 6 which concern the rate of oxidation of a-keto- 
glutarate by the mitochondrial respiratory system of the tuber. Jerusalem 
artichoke mitochondria were isolated by the method of Millerd et al. (13), 
and allowed to oxidize a-ketoglutarate in a complete system including AMP. 
The data of Table 6 show that in the presence of non-limiting concentrations 
of adenylate maximal rate of substrate oxidation is attained and this rate 
is not increased by addition of DNP. At lower adenylate concentrations, rate 
of substrate oxidation is limited by this factor but is increased by addition 


Table 6. Coupling of oxidation to phosphorylation in respiratory particles of the Jerusalem 
Artichoke tuber and uncoupling of this relation by 2,4-dinitrophenol (DNP). a-Ketogluterate 
as substrate. Temp., 30° C. 


Reaction System! DNP conc. M ee Seren P:0 ratio 
Compléter rever none 1.75 2.21 1.26 
Complete"... DNP 3 107 5M 1.71 1.51 0.88 
AMPELOZIMZR 232 none 1.06 1.29 1.22 
AMP 1037... DNP 3x 1004 2.15 0.86 0.40 
NORAIM PPS. none 0.21 0.00 U 
NOEXMPES 77272 DNP 1 X 10—5M 0.87 0.05 0.06 | 


1 Complete system contains AMP 10—? M, MgSO, 10—* M, NaF 10—2 M, dextrose 10—? M, 
K-phosphate buffer pH 7.1 10--? M, Sucrose 0.3 M, and a-Ketoglutarate 2X10—? M. 
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of DNP. In all cases however, the oxidative phosphorylation of adenylate to 
form ATP is decreased in the presence of DNP. It is to be noted that the DNP 
concentration used in the experiments of Table 6 (3X10—° M) is that used 
in the experiments with living tissue and is less than that needed to quantita- 
tively abolish oxidative phosphorylation by plant mitochondria (Bonner and 
Millerd, 3). 


Discussion 


The experiments here reported are interpreted as supporting the view (Van 
Overbeek, 21) that auxin is capable of inducing the uptake of water from 
solutions which are hypertonic with respect to the cell contents. Under these 
conditions, the usual transfer of water in response to an osmotic gradient is 
excluded and we are concerned with some form of metabolically energized 
water transport. Nor is it possible under the conditions of these experiments 
for auxin induced water transport to take place solely in response to an auxin- 
induced relaxation of wall pressure, despite the fact that effects of auxin on 
wall plasticity are known to occur in certain tissues. The metabolically ener- 
gized transport of water is dependent on aerobic respiration (Reinders, 15, 
16) and mediated by receptors of metabolically generated bond energy such 
as ATP. Even though the metabolically energized accumulation of water can 
be rigorously studied only in the case of water uptake from hypertonic 
solution it is nonetheless apparent that uptake of water from hypotonic solu- 
tions by Jerusalem artichoke tissue also includes a component which is 
dependent on metabolic activity. Water uptake by Jerusalem artichoke tissue 
appears to resemble in this respect, the uptake of ions by plant tissues. The 
accumulation of ions appears to proceede principally by an active metabolic- 
ally powered mechanism whether the uptake is in the direction of or is op- 
posed to the ionic concentration gradient. 

The present work indicates also that respiratory rise of the auxin-treated 
tissue is not owing to a direct effect of auxin on the respiratory machinery 
but is rather due to the utilization of metabolically generated phosphate bond 
energy in auxin-induced work. Increases in respiratory rate may be obtained 
either by uncoupling the rate-limiting phosphate transfer mechanism from 
the respiratory oxidations or by causing the utilization of phosphate bond 
energy in the performance of metabolic work, in this case, water uptake. 
This situation is again analogous to that of salt accumulation which can 
also take place against an osmotic gradient (Robertson, Wilkins and Weeks, 
18) and is also accompanied by an increase in respiratory rate. 

The data presented in the present work suggest that the role of auxin in 
auxin-induced water uptake must lie in the channeling of the energy of ATP 
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into the performance of water accumulation work. A simular conclusion has 
been arrived at on other grounds by Thimann (19) and by Bonner and Ban- 
durski (2). This might be achieved by, for example, an arrangement in which 
auxin molecules participate as an integral part of an ATP-powered water 
transport system. 


Summary 


1. The application of auxin (IAA) to Jerusalem artichoke tuber tissue 
induces an uptake of water which is several times larger than is water uptake 
by the same tissue in the absence of auxin. 

2. In the presence of auxin this tissue is able to take up water, although at 
a reduced rate, from solutions of osmotic concentrations greater than the 
osmotic concentration of the cell contents. 

3. Auxin-induced water uptake is dependent upon aerobic conditions and 
is abolished by the same low concentrations of dinitrophenol which inhibit 
oxidative phosphorylation. 

4. The addition of auxin to Jerusalem artichoke tissue increases rate of 
respiration provided that water is simultaneously accumulated. As the osmotic 
concentration of the external solution is increased and as rate of water uptake 
is thereby decreased, the influence of auxin on respiratory rate also decreases. 
Increase of respiratory rate appears therefore to be attributable not to a direct 
effect of auxin on respiration but rather to the act of water accumulation. 
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Is has been possible to culture an increasing number of macromycetes of 
all ecological types on synthetic or natural media. Fructification has, how- 
ever, in almost all cases only been obtained with the wood- or dunginhabiting 
species when they were cultured on natural media containing extracts of 
dung, yeast, malt or the like. 

In the study of fungi from various angles it is of great importance to have 
synthetic media on which normal fructification is possible, but it is obvious 
that different types of requirements may be expected for fructification in 
different ecological groups. 

For the present study a coprophilous agaric has been used viz. Coprinus 
sassii M. Lange and Smith (Lange, 1952). It belongs to the group Nudi, the 
section Setulosi. It is amphithallic, i.e., the same fruit body produces both 
homothallic and heterothallic single spore mycelia. C. sassii and 12 other 
Coprini of the Setulosi group fruit, according to Lange (1952) on the following 
modification of Kauffman’s medium: 


Malteser. nm ENTER > DO Sarbe plone: tem. REP er cree trie ce 0.1 g 
(CEVONO ROMS ne heroes 0:52 9, 1 EE RO ES ID Do mm DO 10.0 g 
MS OR LL os a soiree OES 9 Ze IDOE water a Gc ET er 900 ml 
Tl Bi) BX Oy wnt EP ne ae ess coder 0'297 ga Horseldungjextract rennen 100 ml 


The dung extract was made by boiling a fresh »horseapple» for one or two 
minutes in 150 ml water after which was filtered. 

Materials and methods. Following substances were used: Maltose (Ker- 
foot), extract of horsedung as above, filtrate of 10 g Bakers yeast in one litre 
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Figure 1. Fruitbody of Co- 
prinus sassii developed on 


Figure 2. Same fruitbody 
as in Figure 1 12 h. later. 
The spores are shed and 
the cap has deliquesced. 


synthetic medium after 20 
days growth. 


dist. H,O, sterilized 10 minutes at 110° C, thiaminhydrochloride and nicotin- 
amide (both pharmacopoeian quality), asparagine, Ca(NO:)2,4H,0, MgSO,, 
7H,O, K,HPO,, all chemicals analytic pure, Bacto agar (» Difco»). 

A preliminary experiment showed that Coprinus sassii made normal fruit- 
bodies on Kauffman’s medium without peptone, for which reason this sub- 
stance was not further investigated. 


The fungus was cultured in 100 ml Erlenmeyer flasks each containing 
15 ml medium. 5 ml of a solution containing 3 °/o agar+0.15 Yo Ca(NO;), + 
+0.075 %o K,HPO,+0.15 % MgSO,+various amounts of maltose (basal 
media in triple concentration) was introduced by pipette. The rest of the various 
media was then added by burette. All media were sterilized at 120° C for 
15 minutes. The agar surfaces were slanted. After sterilising pH was measured 
by means of a glass-electrode, and was in all experiments 6.9—7.0. The flasks 
were inoculated with agarpieces (0.20.2 cm) from a Kauffman agar cul- 
ture. All experiments were carried out in triplicates. The inoculated flasks 
were placed at room temperature (17—19° C) in a window looking east, and 
examined daily for fruitbodies. The growth of the mycelia were classified 
according to the following scale: 3=moderate growth; 4=vigorous growth; 
5=luxurious growth. It is important, that the cultures should not be moved, 


when the formation of fruit bodies has started. The buds are very sensitive 
to shocks and may wither away. 


Experiment 1. Basal medium: Maltose 0.5 °/o, Ca(NO;)2 0.05 °/o, MgSO, 
0.05 °/o, K, HPO, 0.025 °/o, Bacto agar 1 °/o, Dist. water 1 litre. To 5 ml of this 
mixture — in triple concentration — was added 5 ml of either horse dung 
extract, or yeast extract, or thiaminhydrochloride+nicotinamide. To these 
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Table 1. Fructification of Coprinus sassii on various media. Basal medium: 5 ml per flask 
of a solution containing per litre dist. water: 15 g maltose; 1.5 g Ca(NOs3)9; 1.5 g MgSO,; 
0.75 g K2:HPO4; 30.0 g agar. 
mn nn u En a ees 


3, ml asparagine, 12,378 5 ml dist. water 


Media per litre 
Growth Fructification Growth Fructification 
5 ml horse dung extract ...... Den — 5, 5, 5 14, 14, 16 
>) milyeast. extract. 0. creuse 515,15 — BEN) PAs GRE DIS 
5 ml vitamins (150 pg thiamin- 
hydrochloride + 150 pg nico- 
tinamide per litre) ............ 5, 5, 5 — DD 24.219716 


three types were added 5 ml of either asparagine or distilled water. The 
results are shown in Table 1. 

The symbol »—» means no fructification and no buds produced. Success- 
ful fructification is indicated by the number of days from the inoculation to 
shedding of spores, each experiment being recorded separately. 

Experiment 2. Experiment 1 was repeated, this time with 15 g maltose 
per litre to study the effect of a higher sugar concentration. The results are 
recorded in Table 2. 

Tables 1 and 2 both show that asparagine inhibits fructification completely. 
Horse dung extract, yeast extract, and thiaminhydrochloride + nicotinamide 
all promote fructification. No positive correlation could be seen between the 
intensity of growth and fructification. The cultures containing asparagine 
had a luxurios growth (5,5,5) but no buds developed. On the other hand, one 
of the fruiting combinations, »1.5 °/o maltose, yeast extract, H,O» was rated 
4,4,4 only. pH of the asparagine media were 7.0, of the »H,O»-media 6.9 
after sterilizing. Since no difference could be observed between the 0.5 °/o 
and the 1.5 °/o maltose-series only one fruit body being produced in each of 


Table 2. Fructification of Coprinus sassii on various media. Basal medium: 5 ml per flask 
of a solution containing per litre dist. water: 45 g maltose; 1.5 g Ca(NO3)2; 1.5 g MgSOs; 
0.75 g K2HPO4; 30.0 g agar. 


5 ml asparagine 13,5 g Rane ditt trator 


Media per litre 
Growth Fructification Growth Fructification 
5 ml horse dung extract ...... DD 0 — 0,195 33, 32, 18 
5 ml yeast extract ............... 505,19 — 4, 4, 4 26, 24, 27 
5 ml vitamins (150 pg thiamin- 
hydrochloride + 150 pg nico- Bea 
tinamide per litre) ............ 5, 5, 5 — DS 1819.22 
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Table 3. Fructification of Coprinus sassii on media containing various amounts of ferric 

citrate. Basal medium: 5 ml per flask of a solution containing per litre dist. water: 10 g 

maltose; 0.5 g Ca(NO3)2; 0.5 g MgSOs; 0.25 g K2HPO4; 50 ug thiaminhydrochloride; 50 ug 
nicotinamide; 10 g agar. B means buds. 


Media Growth | Fructification 
Control (basal: medium)... ea bene unnen coed sine ee 5, 5, 5 19, B, — 
Basal medium + 30 mg ferric citrate per litre............ ..... 5, 5, 5 | 19, 26, 25 
Basal medium + 60 mg ferric citrate per litre ............... 5, 5, 5 18, 26, B 


the flasks for which fructification was recorded in experiments 1 and 2, 
1 always used 10 g maltose per litre in the following experiments. 


Experiment 3. As iron is not added to the Kauffman medium, I tried the 
effect of 2 concentrations of ferric citrate, viz. 3 mg per 100 ml and 6 mg 
per 100 ml, using synthetic medium as control. The results are recorded in 
Table 3. 


»B» means that only buds were formed. The control was not too good, but 
the better results recorded for combinations between 0.5 or 1.5 per cent 
maltose and »thiaminhydrochloride+nicotinamide» and »H,O» in Tables 1 
and 2 seem to justify the conclusion that separate addition of iron is un- 
necessary. 


Experiment 4. Finally the significance of trace elements (Hoaglands A-Z- 
solution modified by Miiller (1948), 1 ml per litre), and the significance of 
thiamin and nicotinamide were investigated separately. In this experiment 
only water distilled in a Pyrexglass-apparatus was used. All combinations 
were run in quadruplicates. Basal medium: 10 g maltose, 0.5 g Ca(NO.), 
0.5 g MgSO,, 0.25 g K,HPO,, 10 g Bacto agar, 1 litre re-distilled water. The 
inocula were as before, taken from a Kauffman agar culture. Results are 
recorded in Table 4. 


Table 4 shows that separate addition of trace elements makes no difference; 


Table 4. Fructification of Coprinus sassii on various media. Basal medium: 5 ml per flask 
of a solution containing per litre dist. water: 30 g maltose; 1.5 g Ca(NOs)2; 1.5 g MgSO4; 
6.75 g KgHPOg; 30 g agar. B means buds. 


nag à, 
d Hoagland’s A-Z-solution Dist. water 
Media RTE 


Growth | Fructification | Growth | Fructification 


150 pg thiaminhydrochloride 4- 150 pg 
nicotinamide per litre..................] 5,5,5,5 | 25, 36, B, B | 5,5,5,5 | 22,98, 23, B 
150 ppg thiaminhydrochloride per litre| 5,5, 5,5 21,22,238 2500680 015 23,26, 31, B 
150 Lg nicotinamide per litre ......... 4,4,4,4 == 4,4,3,4 — 
DISEHWAIEN ne re nen ee 4,4,4,4 4737304 
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nicotinamide is not required for fructification, but thiamin is indispensable. 
It might be argued that the inoculum taken from the Kauffman agar culture 
contains some other necessary growth substance besides thiamin, but this 
seems untenable: Spores from a fruit body produced on a 1 per cent maltose- 
B,-medium inoculated as usual were transferred to 2 flasks also containing 
1 per cent maltose-B,-medium. Respectively 19 and 20 days later each of 
these produced a normal fruit body. Spores from that were further trans- 
ferred to 2 flasks containing the same medium and normal fruit bodies were 
again produced (Figure 1 and 2). Consequently, C. sassii can produce normal 
fruit bodies on a medium containing maltose, salts, thiamin, Bacto agar and 
re-distilled water. 

Discussion. As mentioned above Coprinus sassii in my experiments always 
produced one fruit body per flask. The same flask may later produce a new 
normal fruit body. This indicates clearly that the formation of the first fruit 
body neither exhausted the medium nor made it.otherwise unfit for fructi- 
fication. In most cases mycelia start forming several buds, but only one 
grows into a normal fruit body, while the others fail. That was what 
happened when I used the purified Bacto agar (»Difco»). When Bacto agar 
was replaced by a somewhat impure Australian brand in the Kauffman 
medium 2—3 fruit bodies were often produced simultaneously. This syn- 
chronism is in conformity with Borriss (1934) who, growing Coprinus lagopus 
(=C. fimetarius) on sterilized horse dung, obtained many buds per flask, but 
mostly only one sometimes 2, and very rarely 3 developed into a fruit body. 
If 2 or 3 fruit bodies developed, they always ripened synchronously. There 
seems to be a correlation between the buds produced on the same mycelium. 

Hawker (1939) demonstrated that thiamin is indispensable for the pro- 
duction of fruit bodies of some ascomycetes and highly stimulates that process 
in other ascomycetes. She further showed that the number of fruit bodies 
depends on a balance between the concentration of carbohydrates (glucose) 
and of thiamin, as the optimal concentration of glucose for fruiting rose with 
increasing concentration of thiamin. Hawker (1942) proved the same rule 
for some basidiomycetes (Hydnum corallioides, Collybia velutipes, Schizo- 
phyllum commune) and Keyworth (1941) ascertained the same for Coprinus 
ephemerus. Coprinus sassii produces only one fruit body per flask on 0.5, 
1 and 1.5 per cent maltose, all combined with the same amount of thiamin 
(50 ug per litre) and Difcos Bacto agar, but when a more impure brand of 
agar was used the number of fruit bodies increased. 

A more detailed investigation of the effect of the sugar-thiamin balance on 
the fructification of C. sassii would seem to be worth while and since the 
taxonomy of the Coprinus ephemerus group has recently been much improved 
by Lange (1952), it would be interesting to test the whole group. 
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Summary 


1. The coprophilous agaric Coprinus sassii M. Lange and Smith produces 
normal fruit bodies on following synthetic medium: Maltose, 10 g; MgSO,, 
0.5 g; Ca(NO,),, 0.5 g; K,HPO,, 0.25 g; thiaminhydrochloride, 50 ug, Bacto 
agar (>Difco”), 10 g; redistilled water, 1 litre. 

2. Asparagine inhibits fructification completely, but not the growth of the 
mycelia. 
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Die Zuckerarten im Blutungssaft von Betula und Carpinus 
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(Eingegangen am 17. April 1953) 


Wer einmal im Frühjahr die Gelegenheit hatte, die Birkenblutung zu beob- 
achten, dem wird sich unwillkürlich die Frage aufdrängen, welche Stoffe 
in der wasserklaren, schnell herausfliessenden Flüssigkeit enthalten sind. Ein 
Durchgang der Literatur zeigte, dass diese Frage zu verschiedenen Zeiten 
auch immer wieder aufgenommen wurde. Im Hinblick auf den Zuckergehalt 
des Blutungssaftes liegen, trotz der vielen Untersuchungen, recht variierende 
Ergebnisse vor. Eine Übersicht der in der Literatur angegebenen Werte, um- 
gerechnet in mg Zucker pro 100 g Blutungssaft, Tabelle 1, wird dieses veran- 
schaulichen. So finden Schroeder, Lepeschkin und Lenz nur Fructose, Horn- 
berger ausser Fructose auch einen rechtsdrehenden Zucker und Richter, 
Johnson, Nordal und Holmberg haben sowohl Glucose als auch Fructose 
nachweisen können. In einigen Untersuchungen wird ein Saccharosegehalt 
nachgewiesen, in anderen verneint. Bois & Chubb finden im Blutungssaft 
nur Glucose und Cellobiose. Der Blutungssaft von Carpinus betulus haben 
Hornberger, Richter und Burström & Krogh untersucht. 

Da keiner bisher den Fructosegehalt des Blutungssaftes direkt bestimmte, 
schien mir die Anwendung einer direkten Fructosebestimmung erforderlich. 
Sie wurde nach der Methode von Nijn in der Modifikation von Zerban & 
Sattler durchgeführt. Der Glucosegehalt wurde nach Willstätter-Schudel in 
der Modifikation von Auerbach & Bodländer bestimmt. Ausserdem wurde der 
Blutungssaft nach der papierchromatographischen Methode auf seinen 
Zuckergehalt hin qualitativ untersucht. 

Zu den Versuchen wurden die in Dänemark heimischen Betulaceen, Betula 
pendula Roth (=B. verrucosa Ehrh.) und Betula pubescens Ehrh. (=B. 
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Tabelle 1. 
Art mg Zucker in 100 g Blutungssaft Verfasser 
Betula lutea 919— 935 Glucose+ Fructose, 1: 1, Spuren 
von Saccharose Johnson 1944 
DEE PADyTiterag ee Glucose u. Cellobiose, keine 


Fructose, keine Saccharose Bois & Chubb 1942 
» » 840—1008 Glucose+ Fructose, Fructose 


überwiegend Johnson 1944 
» pendula 0—1000 Glucose+ Fructose, 1:1 Richter 1925 
» » 1116—2106 Hexose, 0—274 Saccharose Burström & Krogh 1946 
» » 140— 510 Glucose, 130—610 Fructose, 


Glucose: Fructose 0,87 bis 0,97, Holmberg 1949 
» pubescens 1060—1400 Fructose, keine Saccharose Schroeder 1871 


» » 900—1900 Fructose Lepeschkin 1928 
» » 570 Glucose, 740 Fructose, keine 
Saccharose Nordal 1944 
» alba L 598—1286 Glucose + Fructose Hornberger 1887 
» » 14—1540 Fructose, keine Saccharose Lenz 1909 
Carpinus betulus 108— 268 Glucose +Fructose Hornberger 1887 
» » 300— 700 Glucose + Fructose, 1:1 Richter 1925 
» » 360—846 Hexose, 3—48 Saccharose Burstrôm & Krogh 1946 


odorata Bechst u. B. alba Roth) und Carpinus betulus L herangezogen. Teils 
wuchsen die Baume im botanischen Garten der Universitat Kopenhagen, teils 
im Arboret in Hörsholm, etwa 20 km nördlich von Kopenhagen gelegen. 
Der Diameter der untersuchten Bäume in 1,3 m Höhe, angegeben in cm, war 
wie folgt: B. pendula im Bot. Garten 54, im Arboret 10; B. pubescens im Bot. 
Garten 22, im Arboret 9; C. betulus im Bot. Garten 56. Bei jeder Probenent- 
nahme wurden neue Bohrlöcher benutzt, die den früheren möglichst nahe- 
lagen. Der schnell heraustropfende Blutungssaft zeigte im Fluorescenzlicht 
eine schwache blaugrüne Fluorescens, kräftigst im Carpinus-Saft. Die pH- 
Werte, gemessen mit einer Giaselektrode, schwankten zwischen 5,6 und 6,4. 

Die Resultate der durchgeführten Zuckeranalysen, berechnet in mg pro 
100 g Blutungssaft sind in Tabelle 2 angeführt. Es zeigt sich, dass mehr als 
die Hälfte (zwischen 77—92 °/o bei Betula und 47—72 °/o bei Carpinus) 
der Trockensubstanz im Blutungssaft Zucker sind. In einigen Proben war 
aller Zucker Glucose und Fructose, bestätigt durch die Papierchromato- 
graphie. In anderen zeigte sich nach 1-stündiger Inversion mit 10 °/o Citro- 
nensäure sowohl eine Zunahme von Glucose als auch von Fructose. Daraus 
errechnet sich das Vorkommen von geringen Mengen von Saccharose. Alle 
Werte für Fructose in Tabelle 2 sind für Glucose korrigiert, da nach der 


Methode von Nijn 13 mg Glucose die gleiche Reduktion wie 1 mg Fructose 
ergeben. 


Das Verhältnis von Glucose zu Fructose in den untersuchten Proben war 
vom 14. März bis zum 11. April (Zeitpunkt des Laubausbruches) anstei- 
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Tabelle 2. Trockenstoff und Zucker in mg in 100 g Blutungssaft im Frühjahr 1953. 
a 


Glucose Fructose 
Art d Zei b ] 
En a Trockenstof vor der nach der vor der nach der 
Inversion Inversion Inversion Inversion 
Betula pendula 
Bot. Garten 30/3 1432 363 427 618 670 
» » 9/4 1582 542 544 759 232 
Arboret 14/3 1120 255 285 514 641 
» 11/4 975 494 493 316 327 
Betula pubescens 
Bot. Garten 30/3 907 308 360 356 382 
» » 9/4 1043 394 420 516 536 
Arboret 14/3 594 130 142 sid 363 
» 11/4 685 301 313 285 291 
Carpinus betulus 
Bot. Garten 30/3 238 86 105 50 66 
» » 9/4 473 168 169 52 51 


gend. Fur B. pendula war Glucose: Fructose: 0,5, 0,6, 0,7 und 1,6; für B. 
pubescens: 0,4, 0,9, 0,8 und 1,1 und fiir C. betulus 1,7 am 30. Marz und 
3,2 am 9. April, der letzte Tag, an dem Blutungssaft von C. betulus zu 
erhalten war. 


Zusammenfassung 


Der Blutungssaft (Frühjahrssaft) von Betula pendula, B. pubescens und 
Carpinus betulus enthalt Glucose und Fructose. Das Verhaltnis Glucose: 
Fructose steigt im Birkensaft von Mitte Marz bis zum 11. April von 0,5 
(resp. 0,4) bis 1,6 (resp. 1,1) für Betula pendula, resp. B. pubescens. Für 
Carpinus betulus ist das Verhältnis Glucose: Fructose 1,7 und 3,2. Der 
Blutungssaft enthält ausserdem Spuren von Saccharose und geringe Mengen 
eines blaugriin fluorescierenden Stoffes. 
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Bavendamm (1928) was the first to use a polyphenol oxidase test in order 
to distinguish between fungi associated with white rots and those associated 
with brown rots. The method consist in cultivating the species in Petri dishes 
on agar media with gallic or tannic acid added. The fungi associated with 
white rots secrete a polyphenol oxidase causing the formation of a dark zone 
around the mycelium. Those associated with brown rots form no polyphenol 
oxidase, and no colouring occurs. 

This method has later been tried out thoroughly for a great number of 
species of fungi by Davidson and coworkers (1938). They found that 96 °/o 
of the examined fungi associated with white rots gave positive reactions; a 
few. of the species associated with brown rots showed inconsistent reactions, 
while the greater part were negative. 

The identification of wood-rotting fungi in culture often presents great 
difficulty, and it has therefore been found expedient to apply Bavendamm’s 
polyphenol oxidase test as a means to describe such cultures (Robak, 1942; 
Cartwright and Findlay, 1946; Nobles 1948). 

The use of gallic or tannic acid as an addition to an agar medium for the 
cultivation of fungi has the drawback, however, that both of these substances 
are poisonous to some fungi, so that normal growth is not obtained. Neverthe- 
less, in certain cases, a plain reaction (a dark ring) appears round the trans- 
fer. In other cases the reaction is very doubtful, for instance when no growth 
is obtained and only a faint, dark coloration of the underside of the transfer 


occurs. 
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Even if a good and vigorous growth of the fungus has been obtained, 
Bavendamm’s reaction may be very obscure. For continuous use of the 
polyphenyl oxidase test in the separation of fungi it is therefore desirable 
to have a more exact test. Such a test is described below. 

Preliminary investigations. In the attempts at finding a suitable indicator 
of pH-changes in cultures of fungi on a fluid medium it was found that red 
cabbage extract was coloured yellow by certain fungi in spite of the fact 
that the pH was below 5. Other cultures, however, produced the red colour 
which is so characteristic of red cabbage extract in acid solutions. 

Closer examination proved that the yellow colour appeared in cultures 
of fungi with a positive polyphenol oxidase test according to Bavendamm 
and the red colour in cultures of fungi for which this test is negative. 


Cultivation experiments. First it was tried to cultivate the fungi in test 
tubes with red cabbage medium prepared as described later in this paper. 
By this procedure it was found that all of the examined fungi with negative 
oxidase test had changed the original purple colour of the extract into red 
during three days, On the other hand, only a few of the examined fungi with 
positive oxidase test had coloured the extract yellow during this period. 
Further standing for two months did not bring about any change in the 
picture. 

The lacking ability to colour the extract yellow of some of the Bavendamm 
positive fungi may be due to scarcity of oxygen in the test tubes. Fresh 
growth experiments were therefore carried out with the same fungi and the 
same medium but this time in 300—ml Erlenmeyer flasks, each containing 
about 40 ml medium. The medium was poured into the sterile flasks, which 
were then heated for fifteen minutes in a stream of water vapour. After 
three weeks’ standing at 25° C for checking of the sterility the fungi were 
transferred to the medium. Half of the flasks were shaken continually for 
one week, while the other flasks were left standing without shaking. All the 
flasks were placed in a dark room at 22° C. All of the examined fungi with 
positive Bavendamm test then produced yellowing of the medium, no matter 
whether they had been subjected to shaking or not. 

Further experiments with cultivation of wood-rotting fungi in 300-ml 
Erlenmeyer flasks showed that fungi with positive Bavendamm test pro- 
duced yellowing of the red cabbage extract in not more than three weeks 
after the starting of the culture. Until the yellowing appears, the extract is 
purple, like the check sample, so that confusion of fungi with positive and 
negative reaction is out of the question, as fungi with negative reaction 
impart a deep red colour to the medium. 


These experiments confirmed our assumption that red cabbage extract is 
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Table 1. Results of polyphenol oxidase tests. + positive polyphenol oxidase test; — nega- 
tive polyphenol oxidase test;,() reaction weak, obscure dark zone. 


a 3 3 » $ 
en) & a ao} 5 a ES 
- Le 2 = De = 28 
Species aE an at le 2 5 + 
© ore 8 T $ © = © 
AMIE EEE 
LT a's pa HO zZ ma 
With positive reaction 
§ Collybia velutipes (Curt.) Quel. ....) + |(+)(—) a= = 
Fomes annosus (Fr.) Cke. ......... + a at; sik a 
Fomes applanatus (Pers.) Gill. .... Air je a = 
§ Lentinus lepideus Fr. ............ (+) (—) — |-(+)| + 
Lenzites betulina (L.) Fr. .......... cu = = += 
§ Lenzites saepiaria (Wulf.) Fr. ...... — (+) — —(+)| — = a 
Merulius tremellosus (Schrad.) Fr. .. Se = 
Pleurotus ostreatus (Jacq.) Quél. .... ar ce ae + 
Polyporus cinnabarinus (Jacq.) Fr. Se ie se 
Polyporus hirsutus (Wulf.) Fr. ....| + + Sr er 
Polyporus versicolor (L.) Fr. ...... + Ar == Ir 
§ Schizophyllum commune Fr. ...... — (+) (+) |—(4)) + 
Stereum hirsutum (Willd.) Fr. .... + 4 + 
Stereum purpureum Pers. ........ + —- + a + 
Stereum sanguinolentum (A. et S.) Fr| + a + + +- 
With negative reaction 
Coniophora cerebella Pers. ........ 5 a 
Daedalea quercina (L.) Fr. ........ — 
Fomes pinicola (Sw.) Cke. .......... = 
Merulius lacrymans (Wulf.) Fr. ....| — = = 
Polyporus betulinus (Bull.) Fr. .... == = — = 
Polyporus sulphureus (Bull.) Fr. .... = = 
Poriar Vaillant (DE), Saccı 8... —- — ~~ 
Poria vaporaria (Bres.) Fr. ........ — = 


usable in tests for fungi which produce polyphenol oxidase. This method 
involves comparatively lengthy observations, however. The quick method 
described below, which reduces the observation period to three or four days 
and calls for relatively small amounts of red-cabbage extract, was therefore 
adopted instead. 

Quick method. Well-grown cultures of fungi in test tubes with sloped 2 
percent potato-dextrose agar are used. To these cultures about 5 ml red- 
cabbage extract is added, and the tubes are left standing at ordinary room 
temperature. The reaction. occurs during 12 to 96 hours. Fungi with posi- 
tive oxidase test colour the extract yellow; fungi with negative oxidase test 
colour the extract red. Potato-dextrose agar without fungi preserves the purple 
colour of the extract. 

We always use well-grown cultures, because older cultures on certain 
media have proved to contain essentially greater amount of enzymes than 
younger cultures (Fahraeus, 1952). 
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Red cabbage medium. 500 g red cabbage leaves free from stalks is divided coarsely 
and boiled with 500 ml water for 10 minutes. The extract is filtered through absorbent 
cotton. The remanence is reboiled for another 10 minutes with 250 ml water and 
filtered. The total filtrate is filled up with water to 1000 ml, and 20 g dextrose is 
added. The extract becomes purple after cooling. 

Red cabbare indicator for the quick method. The extract is prepared as above; 
instead of dextrose, 2 g phenyl mercuriacetate is added, however. The indicator is 
stored in dark bottles in a cool place. So far, it has kept its purple colour unchanged 
for three months. 


Discussion. Table 1 states the species of wood-rotting fungi which have 
been examined and the results obtained, juxtaposed with the results obtained 
by other authors with the use of gallic and tannic acid. 

As will be seen from the Table, our results differ in part from earlier 
investigations in respect of the species which are marked §, altogether four 
out of the 23 examined. In these four cases other authors find faintly posi- 
tive or negative results, whereas we have positive reaction. The cause of this 
may be either that the authors have failed to obtain growth on gallic or 
tannic acid media (e.g., by Collybia velutipes), or that they have had difficulty 
in reading the reaction in the cases where the oxidase production in young 
cultures is comparatively slight. 

We have tried to identify the yellow pigment formed in the red cabbage 
extract by the polyphenol-oxidase-producing fungi. It is presumably an oxi- 
dation product of the red cabbage anthocyanin, rubrobrassicin (Chmielewska 
1933, 1936). So far, however, it has not been possible to find out whether it 
is a simple oxidation product, or if a decomposition into more low-molecular 
compounds takes place simultaneously with the oxidation. 

On the basis of the results obtained, we would recommend that the method 
devised by us replace Bavendamm’s polyphenol oxidase test in the descrip- 
tion of wood-rotting fungi in cultures, our method partly being quicker to 
work with and partly giving unequivocal results. 


Summary 


By cultivation on a red cabbage medium wood-rotting fungi are easily 
classified into those which produce polyphenol oxidase and those which 
do not. 


Polyphenol oxidase producing species change the original purple colour 
of the medium into yellow; the other species of wood-rotting fungi change 
the colour into red. 


A quick method for the differentiation of these two groups is described. 
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The reaction of these fungi to red cabbage extract is more suitable for 
separating them than Bavendamm’s palyphenol oxidase test. 
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The suitability of the algae for the investigation of various problems calls 
attention to the methods of their culture (Pringsheim 1950). However, the 
cultivation of algae in artificial nutrient solutions has often presented diffi- 
culties which have made it necessary to study the environmental factors 
essential for their growth in natural habitats. Uspenski (1927) is the first 
to have pointed out that the availability of iron might play a decisive role 
in the occurrence of various algae in nature. Uspenski and Uspenskaja (1925) 
used citrates to render the iron in a complex form in nutrient solutions for 
Volvox, and Uspenski (1927) ascribed to the humus substances a similar 
complex-forming role in the waters of the natural habitats. Pringsheim (1930) 
estimated the work by Uspenski and Uspenskaja as of pioneering signifi- 
cance, and made confirmatory experiments with Micrasterias and Volvox. 
It turned out that in earth extracts the latter grew even better than in arti- 
ficial solutions with citrates, while earth extract when added to mineral 
solutions did not support the growth of Micrasterias, but was rather injurious. 
According to Pringsheim, Uspenski had found the culture conditions suit- 
able for Volvox by analysing the water of the habitat, but had over-estimated 
the significance of the iron concentration. 

Bitcover and Sieling (1951) report that the favourable effect of organic 
substances on the availability of iron had been noticed as early as 1895, and 
that citrates and tartrates were used in plant nutrient solutions as early as 
1916. Nowadays a general physiological and ecological significance in the 
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life of microorganisms and higher plants is attributed to the chelating sub- 
stances (Pringsheim 1952, Leeper 1952). 

Until last year, the author often used citrates as complexing agents in 
nutrient solutions for Micrasterias (Waris 1950), but growth was not always 
entirely satisfactory, and a part of the cells, especially in old cultures, were 
morbid or died. The morbidity might manifest itself in certain culture vessels 
soon after inoculation, and was then obviously due to poisonous substances 
dissolved from the glass (cf. Warén 1933, p. 10). In old cultures, alterations 
of the nutrient solution involving changes of pH and precipitations of heavy 
metals are responsible for the morbidity, which might be enhanced by the 
action of foreign microorganisms. Consequently it was thought necessary to 
improve the standard nutrient solutions, and repeated attempts were made 
to find ones that would guarantee a normal development for a long period 
of time. This requirement was fulfilled to a great extent by the use of ethylene 
diamine tetra-acetic acid as complexing agent. 


Experimental 


To guarantee a good growth of various Desmids, it was enough to prepare 
the iron source with ethylene diamine tetra-acetic acid (referred to as EDTA). 
The author used a preparation of this substance called Sequestrene AA, from 
the Alrose Chemical Company, U.S.A. A stock solution of iron was prepared 
according to Jacobson’s (1951) recipe in the following manner: 2.61 g. EDTA 
were dissolved in 27 ml. of 1 N KOH, after which 2.49 g. FeSO,:7H,O 
were added and dissolved by boiling (instead of aerating overnight as suggest- 
ed by Jacobson), and then destilled water was added up to 500 ml. giving a 
solution containing about 1 mg. Fe per ml. Later on, potassium bicarbonate 
was -used instead of the hydroxide, the corresponding amounts of the dif- 
ferent substances then being: 5.2 g. EDTA, 5.4 g. KHCOs, and 5.0 g. FeSO, : 
-7H,O in one litre of water. The carbon dioxide was removed by boiling 
before the iron salt was added. This solution, too, contains about 1 mg. Fe 
per ml. 

The nutrient solutions were prepared either with additional micronutrients 
or without them. Since the solutions are derived from those previously 
employed by the author (Waris 1950), the composition of the original 
Micrasterias solutions, referred to as M and MX, may be represented also. 

M solution: In 10 litres of solution, a) 1 g. KNO,, 0.2 g. (NH,),HPO,, 
0.2 g. MgSO, : 7H,0, 0.5 g. CaSO, : 2H,0 (not anhydrous as previously); 
b) 0.01 g. ferric citrate, 0.01 g. citric acid, and 70—80 ml. of 0.01 N HCl to 
give pH 6.0—6.2. 
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MS solution: Otherwise as the M solution, but b) 10 ml. of the above- 
mentioned iron stock solution with EDTA, and an adequate amount (about 
11 ml.) of 0.01 N HCl to give pH 6.0. 

MX solution (with micronutrients, without EDTA): In one litre, a) 10 ml. 
of 0.1 M KNO,, 5 ml. of 0.05 M CaCl,, 2 ml. of 0.1 M KH,PO,, 2 ml. of 
0.1 M MgSO,; b) 5 mg. FeSO, : 7H,0; c) 1 ml. of a micronutrient solution 
(below), and an appropriate addition (about 5 ml.) of 0.01 N KOH to give 
pH 6.0. 

Micronutrient solution: In one litre, 1 ml. of 0.01 per cent solutions of 
ZnSO, : 7H,0, CuCl, : 2H,0, (NH,),;Mo,;0.,:4H,O; 1 ml. of 0.1 M Mn(Cl,, 
1 ml. of 0.005 per cent H,BO,, nd 2 ml. of 0.01 N CoCl,. The composition 
of the micronutrient solution is quite arbitrary and it is only intended to 
prevent any possible shortage of nutrients. However, the author has esta- 
blished previously (Warén 1926) that an addition of manganese may be 
beneficial for M. rotata in the nutrient solution used. 

MXS solution: Otherwise as the MX solution, but b) with 5 ml. of the 
iron-EDTA stock solution. 

Both nutrient solutions with EDTA (Sequestrene, hence the sign S), MS 
and MXS, were excellent for all the Desmids examined and far superior to 
all nutrient solutions previously employed, but about equal to one another. 
Only one species, M. fimbriata, seemed to prefer the MXS solution, which 
contains the additional micronutrients. In spite of the fact that the cultures 
were not absolutely pure, mould did not appear in them. It is a great 
advantage of EDTA as compared with citric acid that the former does not 
support the growth of mould, as does citric acid. 

The following culture experiments may be presented as examples: 

1) 10 test tubes with MXS solution were inoculated each with one cell 
of M. rotata v. evoluta on October 16, 1952. The cultures were kept at 
room temperatures (17-—-19° C.) and were illuminated with a 40 watt 
fluorescent lamp giving about 70—80 foot candles at the distance used. 
Every cell started to multiply normally. On December 6, i.e. after 51 days, 
the number of the cells was counted in one of the test tubes and was found 
to be 516, all cells being normal in shape and size. The number corresponds 
to about 9 generations (2°—512) and the reproduction rate is about 5.6 days 
per generation on average. This is a relatively slow rate, which may depend 
on the fact that the illumination is weaker than optimal (with stronger 
illumination the reproduction rate may be about 3 days per generation), 
and that there may ensue a lack of carbon dioxide in the test tubes (Warén 
1926). However, the healthy condition of the cells in this experiment is proof 
of the value of the nutrient solution tested. 


2) The effect of pH. The pH range within which reproduction of M. 
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rotata v. evoluta is possible was checked at pH (initial value) 4.6, 5.5, 7.0, 
8.0, and 10 (pH 6 was found to be good previously). The pH was adjusted 
by adding 0.01 N KOH to the MXS solution. Test tubes with about 10 ml. 
of the solution were inoculated with one cell each, the number of duplicates 
being three. The culture was discontinued after three weeks, as a precipita- 
tion of iron was observed in the alkaline solutions. The pH values did not 
remain constant, but decreased from the highest initial value 10 down to 8, 
and rose from the lowest initial value 4.6 to 6.4. At all initial pH values the 
cells started to reproduce. After 10—11 days, the number of cells in three 
test tubes at pH (initial value) 4.6 was 8, 8, and 7; at pH 5.5: 4 in each; 
at pH 7:8, 10, and 13; at pH 8:12, 14, and 16; at pH 10 (four duplicates) : 
4 cells in three tubes and 2 cells in one. All cells exhibited a healthy 
appearance, and this was also the case after three weeks. Though the 
experiment was only continued for a short time, it was enough to show 
that the pH range for reproduction could be widened considerably by the 
addition of EDTA as compared with the nutrient solutions previously 
employed. 

Since the above experiments were made, the following species have proved 
to grow well in both the nutrient solutions with EDTA, most of them being 
cultivated in the MS solution: Closterium acerosum (Schrank) Ehrenb., 
Eremosphaera viridis De Bary, Euastrum didelta Ralfs, M. angulosa Hantzsch, 
M. denticulata Bréb., M. fimbriata Ralfs v. caudata Cedergren, M. papillifera 
Bréb., M. rotata (Grev.) Ralfs v. evoluta Turner, M. Thomasiana Arch. 
M. Thomasiana Arch. v. notata (Nordst.) Grönblad, Pleurotaenium Ehren- 
bergii (Bréb.) De Bary, P. trabecula (Ehrenb.) Nageli, Staurastrum ophiura 
Lund, S. polytrichum Perty. 


Comments 


Ethylene diamine tetra-acetic acid (EDTA) has proved to be an excellent 
chelating substance, which, when added to a mineral nutrient solution, allows 
the algae to develop normally for a long period of time, even when foreign 
microorganisms are not completely excluded. It is far superior to citric acid 
(citrates), which has often been used to keep iron in solution. In cultures 
which are not absolutely pure, it is of importance that EDTA does not 
support the growth of mould, as does citric acid. 

The culture experiments indicate that the presence of a suitable chelating 
substance in the nutrient solution is of great significance to the algae, making 
a greater contribution to their well-being than can be attained by a con- 
siderable variation of the essential nutrients or of the pH in absence of a 
chelating substance. In fact, the significance of pH appears to be within wide 


36 


542 HARRY WARIS 


limits indirect and due to the effect it has on the solubility of heavy metals 
(iron, manganese) and possibly also of other substances. The beneficial effect 
of a chelating substance can be explained, in agreement with Pringsheim 
(1952), by the fact that precipitations and toxic concentrations of heavy 
metals are simultaneously prevented, a kind of accumulator action being 
thus constituted. Obviously the chelating substances play an important role 
in nature, and the nutritional value of the waters of the natural habitats 
can hardly be accounted for by analysing the mineral composition alone. 
As Pringsheim has pointed out, there may exist in nature chelating substances 
of different degrees of stability, and the organisms (in his case iron orga- 
nisms) may acquire their share of the heavy metals by binding them to 
chelating agents situated in the surface layer of the cytoplasm, the fixing 
power of various organisms being different. 

This view focuses attention on the surface layer of the cytoplasm. The 
colloidal state of the cell wall and of the surface layer of the cytoplasm 
is dependent on the calcium ion concentration which is the deciding factor 
in cell division and the development of new semicells in Micrasterias (Warén 
1926, 1933). In the presence of EDTA, calcium and magnesium compounds 
my be kept in solution even at basic reactions. Moreover, precipitation of 
calcium may also involve the precipitation of phosphoric acid. Thus the 
chelating substances may affect both the colloidal state of the cytoplasm 
and the availability of nutrients. In this connection it must be pointed out 
that deficiency symptoms resulting from lack of essential nutrients do not 
manifest themselves so soon as do alterations of the colloidal state of the 
surface layer of the protoplast when the latter is subjected to a nutrient 
solution devoid of calcium. It remains to be discovered to what extent the 
physiological or ecological role of chelating substances actually involves 
substances other than the compounds of heavy metals. 

When citrates are present in the nutrient solution, the ferric ions form 
the complex compound Fe(H citr)* (Lanford and Quinan 1948) which 
Bitcover and Sieling (1951) suggest to be the form in which iron is taken 
up by plants, while other authors (Pringsheim 1952) are of the opinion that 
only the free ions (of iron and manganese) are absorbed and replaced by 
others according to the laws of equilibrium. Consequently the fate of the 
complex compounds in the uutrition of plants seems still to require detailed 
investigations. 


Summary 


It has been established that ethylene diamine tetra-acetic acid, when added 
to nutrient solutions, makes it possible for Desmids to reproduce normally 
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for a long period of time even when other microorganisms are not com- 
pletely excluded. As a complexing agent it is far supeior to citric acid. 

In the presence of ethylene diamine tetra-acetic acid, the pH range within 
which the reproduction of Micrasterias is possible is much widened as com- 
‘pared with purely mineral solutions. This indicates that the hydrogen ion 
concentration exerts its influence largely indirectly, by affecting the solubility 
of heavy metals and possibly also of other substances. 


The author is indebted to Dr. Paavo Kallio, who has cultivated most of the 
algae in question, and to the Alrose Chemical Company, Providence 1, Rhode 
Island, U.S.A., for samples of complexing substances. 
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Our knowledge of auxin in trees is very limited. Czaja (4) found that 
auxin occurs in shooting buds of some deciduous tree species and of Pinus 
silvestris, Pinus Hedreichii and Picea pungens. Czaja made his examinations 
in such a way that he cut suitably small pieces from the buds and then 
placed them on one side of decapitated Avena coleoptiles. Zimmermann (10) 
investigated the quantity of auxin in buds of Pinus strobus and Picea excelsa. 
He placed the buds on plates of agar into which auxin diffused. The agar 
was then tested on coleoptiles. Zimmermann found that the terminal bud of 
the main stem does not contain any auxin during the winter. When the buds 
begin to develop they are, however, rich in auxin and the corresponding 
terminal buds of lateral. shoots contain auxin in quantities which decrease 
with increasing age of the whorls. Avery, Burkholder and Creighton (1) 
examined Aesculus and found that the presence of auxin in older stems is 
probably connected with the activity of the cambium. Mirov (9) found in 
Pinus ponderosa that in fast-growing trees there is no difference in quantity 
of auxin between terminal and lateral buds. Such a difference is, on the 
other hand, found in slow-growing trees, in which there is more auxin in 
terminal than in lateral buds. 

Thus it is proved that auxins exist in both deciduous and coniferous trees. 
However, it has not as yet been ascertained if these auxins are identical with 
any of the native auxins already known. The purpose of the present work 
has been to study the auxin that is found in younger parts of the stem of 
Pinus silvestris and compare it with ß-indolylacetic acid. The substance or 
the substances in the pines that are responsible for the auxin activity found 
are in this paper called pine auxin. 
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Experimental 


Material and Methods 


The plant material was taken from a pine stand growing in the vicinity of Stock- 
holm. The pines were 15 years old and cultivated from seed taken from pines of 
Northern Sweden type. The material investigated consisted of the two and three- 
year old parts of the stems and whorls. 


For the quantitative determinations of the auxin from pine the method of the 
Avena test, described by Boysen Jensen (2, 3), was used. The curvature of the 
coleoptiles is expressed by the value d, which is the difference (in mm) between 
the lengths of the convex and concave sides of the coleoptile. Quantity of auxin is 
expressed by the unit WAE (Wuchsstoff-Avena-Einheit). The unit is defined so, 
that the agar, which in the test gives a curvature of d=0.50, contains 0.50 WAE 
per 100 ml agar. The pH of the agar was adjusted with citrate buffer solutions. 

The auxin from pine was obtained by extraction. From the test material the 
needles were removed and the stem parts cut into small pieces, which where then 
extracted with 96 per cent alcohol at room temperature. To each 100 grams of 
fresh material was added 200 ml alcohol. During the three hours allowed for the 
extraction the alcohol was changed four times. The extract was then filtered, the 
alcohol evaporated off and the dry residue extracted with chloroform. This solution 
was decanted, filtered, the chloroform evaporated and the residue extracted with 
distilled water. The aqueous solution was then purified by fractionation with ether 
in separatory funnel in the way described by Boysen Jensen (3). 


By shaking the aqueous pine auxin solution with ether the auxin passed 
from water-phase to ether-phase only when the water-phase was acid and 
the auxin is consequently thought to be an acid. 


Influence of pH on the Activity 


Dolk and Thimann (5) reported that ß-indolylacetic acid is not dissociated 
at pH values below 3 and almost completely dissociated above pH 6. The 
pH of the test agar may therefore influence the activity of auxins. Hem- 
berg (6) found that potato extract, assumed to contain ß-indolylacetic acid, 
showed low activity in Avena test when the agar was prepared with citrate 
buffer of pH 6.0, but high activity when the agar contained buffer of pH 2.7. 

Tests on the activity of auxin from pine were carried out using agar of 
varying pH values, and the results are shown in Figure 1. It is seen that the 
activity of pine auxin is influenced by the degree of acidity of the agar. 
Thus, with the same amount of auxin, there is only slight activity with agar 
of pH 2.7. With an increase of pH there is a corresponding increase in 
activity reaching a maximum in the region of pH 5.6. 

For comparison, the activity of B-indolylacetic acid was tested at pH 2.7 
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Curvature, d mm 


3.0 40 50 6.0 
pH of agar 


Fig. 1. The relation between pH of the test agar and activity (d) of auxin from pine. 
© and ® denote values of two different preparations. 


and 5.6, but this auxin showed no difference in activity at either pH value 
(Table 1). 


The Activity Curve 


The activity curve, i.e. the relation between d-values of the curvatures of 
the coleoptiles and the corresponding quantities of auxin, is in many cases 
characteristic of an auxin, as is shown in Avena test by Larsen (8) who 
determined the activity curves of B-indolylacetic acid and some other syn- 
thetic auxin substances. 


Table 1. The relation between pH of the test agar and activity (d) of pure 
B-indolylacetic acid. 


Expt. No. a. Gurvature (d) in mm at 
solution n pH 2.7 pH 5.6 

(1) 0.35 0.17 0.15 
a 0.45 0.32 0.29 

(3 0.45 0.33 0.33 
(4) 0.50 0.40 0.41 
(5) 0.70 0.66 0.68 
Average 0.38 | 0.37 
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Auxin from pine 


Fig. 2. Activity curves of auxin from 

pine and pure ß-indolylacetic acid. pH 

of test agar 5.6. 

© Pine auxin extract, purified in the 
standard way. 

® Pine auxin extract, further purified 
by diffusion through agar. 

A B-indolylactic acid. 


03 04 05 06 O1 08 09 10 4 
WAE per 100 ml agar 


The activity curve of auxin from pine is shown in Figure 2. The test agar 
used had a pH of 5.6. The values of pine auxin in the figure are of two 
orders. One represents the relation between curvature and amount of auxin, 
which applies to pine auxin in the degree of purity obtained by the standard 
fractionation procedure. The other values were obtained when the pine auxin, 
for further purification, after fractionation was subjected to diffusion. The 
diffusion was carried out in order to ensure that the auxin after fractiona- 
tion was sufficiently pure for its activity to be determined and that there 
were no impurities present which might inhibit or influence the activity of 
the auxin. For diffusion, four discs of agar of the same size were placed 
one over the other (3), the topmost disc containing various amounts of pine 
auxin. After a diffusion time of one hour the activity of the auxin in the 
fourth disc was tested. From Figure 2 it appears that the relation between 
activity and quantity has not at all been changed by diffusion. The unaltered 
relation obtained is therefore considered to be representative for the auxin 
activity of the extracts. 

In Figure 2 are also given the values arising from the determination of the 
activity curve of ß-indolylacetic acid. Pine auxin and ß-indolylacetic acid 
have different activity curves. The former auxin has greater activity than 
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Table 2. Some determinations in Avena test of the diffusion coefficient Kz of pure 
B-indolylacetic acid and auxin from pine. 


oo 


Auxin Kyo No. of expts. | Diffusion and test at pH | Author 
ß-indolylacetic acid 0.521 10 2 Hemberg (6) 
» » 0.536 3 2.7 The writer 
» » 0.591 9 6.0 Larsen (8) 
» » 0.583 3 5.6 The writer 
Auxin from pine...... 0.749 13 5.6 The writer 


the latter at lower WAE values, but at higher values the pine auxin’s activity 
is lower than that of B-indolylacetic acid. 


Determination of the Diffusion Coefficient 


Thus, pine auxin differs from ß-indolylacetic acid both in its dependence 
on pH and its activity curve. It is possible to show a further difference by 
determining the diffusion coefficients. This was done by means of single 
and double diffusions through agar (3). 

On the bases of thirteen diffusions (single and double) a diffusion coef- 
ficient of K,,—0.749 0.014 was obtained for pine auxin. The mean value 
of the single diffusions (9 expts.) was 0.760+0.020 and of the double dif- 
fusions (4 expts.) it was 0.723 + 0.007. However, the difference between these 
two mean values is statistically non-significant as judged from the t-test. 
At the diffusion experiments and at the tests the agar had a pH value of 5.6. 


Some determinations of the coefficient for ß-indolylacetic acid are given in 
Table 2. 


Acid-Base Sensitivity 


One method of roughly ascertaining if an auxin is possibly identical with 
either auxin a, auxin b or B-indolylacetic acid is to determine the sensitivity 
of the auxin to strong acid and base. According to Kégl, Haagen Smit and 
Erxleben (7) auxin a is completely destroyed by boiling with 1 N NaOH, 
whereas 1 N HCl has no effect. According to the same authors auxin b is 
inactivated both by 1 N NaOH and 1 N HCl. About ß-indolylacetic acid the 
information is different, Kögl et al. (7) claim that the substance is altered 
only by HCl, while Hemberg (6) and Larsen (8) found, in addition, that it 
is not stable against NaOH, but looses approximately 70 per cent of its 
activity. 

The sensitivity of pine auxin and ß-indolylacetic acid to acid and base 
was tested according to Larsen (8). The tests were carried out at pH 5.6: 
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Table 3. Acid-base sensitivity of auxin from pine and pure B-indolylacetic acid. pH of 
test agar 5.6. 
RÉ EE 
Recovered activity as 0/0 of original 


Auxin Time of boiling hours activity after boiling with 

1 N HCl | 1 N NaOH | 

Auxin from pine ...... 3 0 35 | 
> > Siete 3 0 30 
B-indolylacetic acid... 3 0 39 
» > 3 0 38 


Both auxins are similarly destroyed by 1 N HCl and 1 N NaOH, in that all 
activity disappears after treatment with HCl, whereas NaOH destroys 60 to 
70 per cent of their activity (Table 3). 


Discussion 


The results obtained are: 1. the extracted pine auxin has low activity at 
a pH value of 2.7 of the test agar but high activity at pH 5.6, whereas 
B-indolylacetic acid has about the same activity at these two pH values, 
2. pine auxin and ß-indolylacetic acid have different activity curves, i.e. the 
relation between activity (d-value) and concentration is not the same, 3. the 
activity curve of pine auxin is not changed after purification of the auxin 
solution by diffusion through agar, 4. pine auxin has a higher diffusion 
coefficient (0.749) than ß-indolylacetic acid (0.583), and 5. pine auxin and 
B-indolylacetic acid are inactivated to the same extent by acid and base. 

The results obtained suggest that the auxin activity of the pine extracts 
is exerted by only one substance (points 3 and 4) and that this substance 
can not be ß-indolylacetic acid but is an other auxin, hitherto unknown 
(points 1 to 4). In testing the acid-base sensitivity auxin from pine and 
B-indolylacetic acid are inactivated to the same extent. This result, however, 
gives no closer information as to the identity because it is not known if this 
test is specific to B-indolylacetic acid. 

However, it is possible to draw other conclusions about a more compli- 
cated state within the pine extracts. 


Summary 


The purpose of the investigation has been to study the acid auxin that is 
present in young stem parts of Pinus silvestris. 
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The auxin from pine, in comparison with pure ß-indolylacetic acid, shows 
similarity with regards acid-base sensitivity. Pine auxin, in agreement with 
earlier knowledge of B-indolylacetic acid, looses all activity when boiled 
with 1 N HCl, whereas similar treatment with 1 N NaOH destroys approxi- 
mately 70 per cent of the activity. 

Between pine auxin and f-indolylacetic acid the following differences 
were obtained: a. the activity of pine auxin is influenced by the acidity of 
the test agar. The activity is low at pH 2.7 and increases with increasing 
pH values to a maximum in the region of pH 5.6. Contrastingly, B-indolyl- 
acetic acid exhibits no difference in activity at pH 2.7 and pH 5.6, b. the 
relation between activity and concentration of auxin is different. At low WAE 
values the activity is greater for pine auxin than it is for ß-indolylacetic 
acid, but at higher values, the activity of the former is less than that of the 
latter, c. for pine auxin a diffusion coefficient of 0.749 was obtained and 
for ß-indolylacetic acid it was 0.583. 
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In my investigations on the physiology of a number of Coprinus species 
I have also tested the growth at various temperatures. One strain of Coprinus 
fimetarius (L.) which had its temperature optimum between 35° C and 
40° C and still produced a measurable growth at 44° C, appeared to be of a 
particular interest, since growth at such high temperatures has rarely been 
observed in Hymenomycetes. Various authors have shown that certain 
vitamin and amino-acid requirements of some bacteria and lower fungi 
depend to a considerable degree on temperature, a fact probably connected 
with the temperature sensitivity of enzyme systems. Therefore, it seemed to 
be of interest to determine whether Coprinus fimetarius could be induced to 
grow at a higher temperature if cultivated on a more complex medium. 


Material anc methods 


The strain of Coprinus fimetarius, used in the present investigation, has been kept 
in culture since 1944 through continuous reinoculations on malt-agar (2.5 per cent 
malt-extract and 1.5 per cent agar). In an earlier paper (L. Fries 1945) it was shown 
that this fungus at 25 ° C is able to grow well in a synthetic nutrient solution con- 
taining sugar, inorganic salts and thiamin, at pH > 6. The cultures were maintained 
in 100 ml. Pyrex flasks, each containing 26 ml. of a basic nutrient solution prepared 
according to the following description: 
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Solution A. Solution B. 

FANNON, RTE RE ee 20 BU EN CAC ee na. 0.1 g. 
ASPATASING arena 2 » Mel en ne ee ERP 0.41 » 
NER LADLE ALG teeter cas 0.5 » Pezcitrate’: -2 2 5.31 mg. 
LE OW tiem ctu ncaa moh J » citric: A CINE, : € use 5.31 mg. 
NA BOURGES ars Se 2.25 > MaSO, -4H,0) . Set ... 4.43 mg. 
INGE SO) EI Scenes 0.28 » LLASO STE OS een. 4.05 mg. 
CANIN AE ee ete 100 us 7 dist. water nee eee 40 ml. 
GISE walten, CN eee 1000 ml. 


Each 100 ml. flask was supplied with 25 ml. of solution A and then autoclaved; 
solution B was autoclaved separately, and when the solutions had cooled down, 
1 ml. of solution B was added aseptically to each flask, a clear solution of pH 6.8 
being thus obtained. 

In the first experiments the inoculations were made directly from malt-agar 
plate cultures, and care was taken that the inocula remained floating on the surface 
of the liquid nutrient solution (Melin and Lindeberg 1939), as it proved important 
in Coprinus fimetarius that the mycelium grew on the surface already from the 
beginning. Since nevertheless some of the inocula sank to the bottom of the solu- 
tion, it was found expedient to adopt Norkrans’ modification of the same method. 
According to this modification the inocula were placed on sterile agar plates, where 
they were allowed to develop fresh aerial hyphae before inoculation (Norkrans 
1950). In this way, rapid, even, surface-growth of the mycelia was obtained. 

Mycelial production was expressed as the mean dry weight of the mycelia in 
each particular series, each comprising 6 flasks, unless otherwise stated. The mycelia 
were washed thoroughly in distilled water and weighed after drying at 100° C for 
24 hours. Series at 25° C, 30° C and 35° C were maintained in constant temperature 
rooms, while those at 40° C and 44° C were kept in smaller incubators. Despite the 
use of fans which kept the air in continuous circulation the temperatures in these 
incubators varied slightly (0.5° C from one shelf to another), which often resulted 
in an increased variation within the series. Unless stated to the contrary, the incuba 
tion temperature was 44° C. 

In experiments where it was desired to compare the responses to various addi- 
tions at different temperatures, the writer has attempted to adapt the incubation 
time, so that harvesting of mycelia would occur during the period of rapid growth. 


Experiments 


In order to determine whether the growth at high temperatures could be 
affected by supplementing natural mixtures of metabolites, enzymatically 
hydrolysed casein (N-Z Case, Sheffield Farms Co.) and yeast extract (Difco), 
were added, the additions being made before autoclaving. Six flasks from 
each of these series, as well as one control series, were inoculated and in- 
cubated at 35° C, 40° C and 44° C. As can be seen from Table 1, both N-Z 
Case and yeast extract were inhibitory at 35° C and 40° C after 4 days, this 
effect, however, disappearing during the next two days. On the other hand, 
at 44° C the amount of mycelium obtained in the N-Z Case series was three 
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Table 1. Effect of NZ-Case and yeast extract on the growth of Coprinus fimetarius at 
different temperatures. NZ-Case: 10 mg. per flask; yeast extract: 5 mg. per flask. 
oe eee a de 


35°C | 40°C 44°C 
Expt ee 
Additions : : . 2 £ À : 3 
No. Dry weight| Time in [Dry weight] Time in |Dry weight Time in 
in mg. days in mg. days in mg. days 
Ian A Ne ee RE | | te | 
None. 125.6 11487 19.9 
NZ-Case ...... | 57.3 4 97.3 4 59.4 6 
Yeast extract . 78.9 79.2 43.6 
None”... 167.9 169.2 50.4 
NZ-Case ...... 137.0 6 168.1 6 117.9 8 
Yeast extract . = 159.0 62.2 
None. 118.0 135.9 26.2 
NZ-Case ...... (6 to 66) 4 268.6 4 152.3 6 
aA Yeast extract . 119.5 136.4 70.9 
NONC ES caret: 107.5 184.1 44.1 
NZ-Case ...... == 6 261.9 5 240.6 8 
Yeast extract . 123.4 179.3 115.1 
None”... 84.7 85.7 32.6 
NZ Case ts - 81.2 | : | 169.2 70.7 ? 
None ........ 93.5 116.2 16.6 
i? BAP NZ-Case) 0). 57.6 | | 187.5 : 66.5 ß 


times, and in the yeast extract series twice that of the control. When this 
experiment was repeated, the effect on growth at 35° C and 40° C appeared 
to be somewhat varying, N-Z Case being sometimes sligthly inhibitory at 
35° C and sometimes producing no effect whatsoever. In order to examine 
whether autoclaving of the additions together with the nutrient solution 
could have affected the results, solutions of N-Z Case were sterilized both 
by Seitz-filtration and by separate autoclaving, the effect of these solutions 
being compared with that of solutions autoclaved together with the medium. 
Separately autoclaving turned out to give the highest growth-rate at all 
temperatures, and consequently the additions to be tested were sterilized 
according to this procedure in all following experiments. 

Table 2 shows the activity of acid-hydrolysed casein (Bacto Casamino 
Acids, Difco). The positive effect at 44° C was about the same as that of the 
enzymatically hydrolysed N-Z Case, but no inhibition occurred at 35° C. 

Even without any addition to the basic medium Coprinus fimetarius 
started to grow at 44° C though after at rather long lag phase. A clear picture 
of its growth with, and without casamino acids is given in Figure 1. Initial 
growth in the basic medium was poor, but increased considerably after 
7 days. In the casein hydrolysate series the lag phase was much shorter and 
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Table 2. Effect of NZ-Case and Casamino acids on the growth of Coprinus fimetarius at 
different temperatures. 


35°C (5 days) 40° C (4 days) 44° C (6 days) 
Additions per flask 2 : 2 
Dry weight)... Dry weight| ... Dry weight)... 
in mg. Final pH neh Final pH in mg. Final pH 
None ea Neon 93.5 + 5.2 6.5 116.2 + 18 6.5 16.6 + 0.6 6.8 
NZ-Gase, 10Img. MOTO 87 6.8 187.5 + 6.5 6.5 66.5 + 3.6 TA 
Casamino acids, 10 mg.|134.9 + 8.6! 6.3 199.3 + 5.3| 6.3 62.2 + 5.3 7.1 


the production of mycelium reached a higher maximum value than in the 
synthetic medium. It is interesting to note that the pH changed during the 
experiment from 6.8 to 7.4, and back again before the maximal amount of 
mycelium had been obtained. This change appeared to be equally marked 
in both series irrespective of the degree of mycelial production. The pre- 
sence of ammonia in an 8 days’ old culture could be demonstrated by 
Nessler’s reagent. However, the pH shift in an alkaline direction, as observed 
in young cultures, could not be due to the production of ammonia, since 
these solutions were Nessler negative. On the other hand, culture flasks main- 
tained at 35°C and 40° C showed a drop in the pH, e.g. to 6.6 in three days 
with 70.9 mg., and 58.1 mg., per flask, respectively. At 44° C the same 
amount of mycelium was produced in a medium where pH had increased 
HE 

Since it seemed possible that another nitroger source might permit a more 
rapid growth at 44° C, potassium nitrate, urea, and alanine were tested 
instead of, and in amounts with the same nitrogen content as the asparagine 
of the basic medium. In all these series the ammonium tartrate was 
exchanged for an equivalent quantity of K-Na-tartrate. As can be seen from 
Table 3, the growth-rate in the basic medium containing asparagine plus 
ammonium tartrate is much higher than in the other series, although ammo- 
nium tartrate alone permits a fairly good growth. At 40° C the growth in the 
former case is about the same as in the latter. 

In order to identify the active substance in casein-hydrolysate and yeast 
extract I tested a mixture of amino-acids, where the components were present 
in the same proportions as in casein-hydrolysate (Norkrans 1950), and, 
furthermore, a vitamin mixture containing 100 ug Bs, 100 ug Bz, 100 ug 
p-aminobenzoic acid, 100 ug niacin, 100 ug pantothenic acid, 1 mg. ascorbic 
acid, 1 mg. choline, and 5 ug biotin per litre nutrient solution. All additions 
were autoclaved together with the medium. The addition of amino-acids 
resulied in a production of mycelium, which after 8 days at 44° C was four 
times as high as in the control, while the vitamin mixture at this tempera- 
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Fig. 1. Growth of Coprinus fimetarius at 44° C on basic solution with and without Casamino 
acids. Unbroken lines: mycelium production. Broken lines: pH of nutrient solutions. 


ture was practically without any activity (Table 4). The inhibiting effect 
produced by the vitamin mixture at 35° C and 40° C did not reappear in a 
second similar experiment, the growth in this case being somewhat improved. 
Furthermore, when tested separately, none of the components of the vitamin 
mixture had any effect upon growth. It was therefore concluded that the 
growth-promoting factor, or factors, in the casein-hydrolysate and the yeast 
extract might be found among the amino-acids. 


Table 3. Growth of Coprinus fimetarius at 44° C on different sources of nitrogen. Incuba- 
tion time 6 days. Each nitrogen source contains 10.6 mg. of nitrogen per flask, the basic 
solution 12.6 mg. of nitrogen per flask. 


ne With Ca 1ino acids, 10 mg. 
Norden ith a PAT s mg 


Source of nitrogen [Initial pH 


Dry weight in mg. | Final pH | Dry weight in mg. |Final pH 
Basic solution 6.8 21.6 + 1.1 7.0 102.7 + 2.2 7.6 
KNO, ER... 6.9 0.6 + 0 6.5 18.8 + 1.0 6.8 
NH,-tartrate ...... 6.8 15.6 + 0.9 6.6 66.9 + 3.2 6.4 
OEE ig: tance 7.2 13.1 + 1.1 7.3 17.5 + 1.1 7.3 
DL-alanine ......... 6.8 7.7 + 0.7 6.4 291 E01"0 6.4 
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Table 4. Effect of NZ-Case (NZ), amino-acid mixture (Am. ac.), vitamin mixture (Vit.), 
and yeast extract (Y. ex.) on the growth at 35° C, 40° C, and 44° C. In Expt. 10 the 
additions are sterilized together with the nutrient solution, in Expts. 12 and 32 separately. 


35°C | 40°C | 44°C 

Expt. | Substance | Initial} Time | Dry | Fi- | Time | Dry | Fi- | Time| Dry | Fi- 

No. added pH in |weight| nal in |weight| nal in |weight| nal 

days | mg. pH | days | mg. pH | days | mg. pH 

None ....! 6.9 118.2 | 6.7 135.9 | 6.5 26.2 | 6.9 

NZ aera ue 6.7 (49.3) 6.5 268.6 | 6.4 152.3 | 7.2 

Am. ac. ..| 6.8 4 |112.5 | 6.5 4 | 644 | 6.6 6 |(69.7)| 6.5 

Vite or. 6.9 21-9970 49.2 | 6.8 30.9 | 6.9 

YA ex... | 6.5 119.5 | 6.4 136.4 | 6.7 70.9 | 6.9 

a None .... 6.9 107.5 | 6.4 184.1 | 6.2 44.1 7 6.7 

NZ eer 6.7 = 6.2 261.977 620 240.6 | 6.4 

Am. ac. .. 6.8 6 121.1 6.9 5 72.8 | 5.4 8 180.5 | 6.3 

Vite cise 6.9 69.2 | 6.7 84.0 | 6.2 47.3 | 6.6 

We €X> see a0:0 123.4 | 6.5 119.37) 021 115.1 5.8 

None ....| 6.8 93.5 | 6.5 116.2 | 6.5 16.6 6.8 

12 NAME 6.8 5 57.8 | 6.8 4 187.5 | 6.5 6 66.5 A 

Am. ac. ..| 6.8 103.9 6.3 167.1 6.3 52.1 6.5 

32 None ....| 6.8 5 96.0 — — — — — 
vie 6.8 et EM} ied. Br. 


Each amino-acid in the mixture was tested separately, using an amount 
per flask corresponding to 10 mg. casein-hydrolysate. Due to a temporary 
breakdown of the thermostat the growth in this experiment was rather 
irregular; however, it was quite obvious that only methionine could induce 
a growth-promoting effect as great as that of hydrolysed casein. In a following 
experiment the same amino-acids were tested (as well as ornithine and 
citrulline), the quantity added per flask being equimolar to 340 ug methio- 
nine, which corresponds to the amount of methionine present in 10 mg. 
easein. In this case, too, the effect of methionine considerably surpassed that 
of all the other amino-acids (Figure 2). Like casein hydrolysate, methio- 
nine showed its growth-promoting activity only at a very high temperature, 
viz. 44° C (Table 5). 

The effect of graded additions of methionine upon the growth rate at 
44° C was investigated in yet another experiment, where DL-methionine 
(Merck & Co.) was added in amounts from 0.06 up to 20 umol per flask 
(Figure 3). Optimal growth was obtained by 2 umol methionine, greater 
amounts than 6 umol acting slightly inhibitory. 

The results of Horowitz (1950) regarding the synthesis of methionine in 
Neurospora prompted me to test L-cysteine and L-homocysteine (sterilized 
by filtration). Cysteine proved to be completely inactive, homocysteine, how- 
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Substance added Dry weight of mycelium in mg 


None 
Glycine 
DL-alanine 
DL-valine 
L-/eucine 
L-isoleucine 
DL-serine 
DL-phenylalanine 
L-fyrosine 
L-glutamic acid 
L-asporfic acid 
L-arginine 
L-citrulline 
L-ornithine 
L-lysine 

L-his tidine 
L-proline 
L-hydroxyproline 
L-tryptophane 
L-cysteine 
DL-methionine 
DL-threonine 
Cosamino acids 


ere 


/0 20 3O 40 50 


Fig. 2. Effect of different amino acids on the growth of Coprinus fimetarius at 44° C. 

2.28 umol of each acid added, this amount being equimolar to the amount of methionine 

in 10 mg. Casamino acids. Growth exceeding that of the control is marked with black 
columns. Incubation time 6 days. 


Table 5. Effect of DL-methionine on the growth at different temperatures. Eight flasks 


per series. 

N Dry weight of mycelium in mg. 
sae Temperature |Time in days 1 x di 

| # No addition pL-methionine, 6 mol per flask 
1956 12 1.5 + 0.3 1.7 + 0.2 
| 30° C g 126.4 + 8.5 112.6 + 6.9 
27 son 5 42.1 + 2.8 55.5 + 4.6 
40° C 4 62.7 + 8.0 77.3 + 5.9 
44° C 6 14.6 + 0.7 37.3 + 1.2 
35° C 5 55.5 + 2.9 88.8 + 3.1 
24 40° C 5 156.2 + 8.8 123.9 + 5.6 
44° C 6 Wee AU 43.8 + 2.5 
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ever, possessing an activity which was about one tenth of that of methionine 
(Figure 4). Later on, L-cystathionine and D-allocystathionine (obtained by 
courtesy of Dr. Horowitz) were tested in concentrations up to 2 umol. Both 
of them turned out to have no influence on growth, with the possible excep- 
tion of D-allocystathionine, the effect of which was somewhat inhibitory. 
Since, in addition to its role as a_building-stone of protein, methionine 
also functions as a methyl donor in various metabolic processes, other methyl 
donors were tested, e.g. choline and creatine, but without any positive result. 
Vitamin B,,, p-aminobenzoic acid, and folic acid, which could be thought 
to increase the methionine production, also proved to be inactive, either 
when supplied separately or in various combinations with each other and 
with homocysteine. All efforts to increase the activity of homocysteine by a 
simultaneous addition of choline, betaine and creatine proved unsuccessful. 
The long lag phase at 44° C could be due to the fact that the capacity of 
Coprinus fimetarius to synthesize a particular essential metabolite was 
hampered at high temperatures, the synthesis therefore starting very slowly. 
However, finally produced at a sufficiently high rate, the substance in 
question might be found in the culture medium of the growing mycelium. 
In order to test the growth-promoting activity of used nutrient media the 
fungus was cultivated at 19° C, 30° C, 35° C, 40° C, and 44° C, and the mycelia 
in each series filtered off during the period of most rapid growth. In a 
following experiment at 44° C, the effect of methionine was compared with 
that of additions of the used media from the above-mentioned series, 5 ml. 
of each medium being added (aseptically, and without any further steriliza- 
tion) to each of the new culture flasks containing 20 ml. new, autoclaved 
nutrient solution. As shown by Table 6, the used medium from the series. 
at 44° C — here called »44° C-solution» — was the only one producing a 
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real positive effect, although the amount of mycelium produced in this solu- 
tion was inferior to that from the 30° C-solution. The growth-promoting 
factor, henceforth to be called the HT-factor (»high temperature factor»), 
is thus either produced only at 44° C or diffuses out from the mycelium only 
at this temperature. 

In another experiment at 44° C, the cultures were incubated for 5, 8, and 
10 days. It appeared that only the 2 last mentioned ones possessed any 
activity, i.e. the HT-factor not being produced until the fungus had passed 
the lag phase. Autoclaving of a 44° C-solution caused a decrease in the activity 
of the HT-factor by 40—60 per cent. 


Table 6. Effect at 44° C of solutions in which Coprinus fimetarius has earlier grown at 
different temperatures compared with the effect of DL-methionine. Eight flasks per series. 
Incubation time 8 days. 


Mg. mycelium harvested : | 
me Age of added F Ë Dry weight of 

a ERA solution in days in una) mycelium in mg. 
INITIATOR Er = 10.2+ 0.9 
Solution from 19° C, 5 ml. 12 1.5 10.2 + 0.7 
» RS 0 Cae 5, ml: 9 126.4 11.8 + 1.3 
» » 35° C, 5 ml. 5 42.1 1222207 
> » 40°C, 5 ml. 4 62.7 15.4 + 1.1 
» pe 442 CH Sim. 11 95.9 35.4 + 2.5 
» » 44°C, 1.5 ml. 11 95.9 14.5 + 1.8 
» » 44°C, 0.5 ml. 11 95.9 13.4 + 0.4 
DL-methionine, 6 umol. ... — = 40.2 + 4:6 
» , 0.6 umol. .. = — 29.1 + 1.8 
» Oran (UROL ieee — = 15.8 + 0.8 
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Table 7. Effect of 44° C-solution (Sol. 44° C), added together with DL-methionine (MET) 
or DL-homocysteine (HOM). Incubation time 5 days. 


Dry weight of Final 
Additions per flask oF es mg. pH 
NORGE RS RE es ele er Os Ce 49.4 + 4.3 7.0 
MM We MO oe aon een ao ee 101.0 + 12.0 6.7 
US tis) (hat) Egg enn Here oS Sid Go OOO RMeOUO Acad br 72.6 + 7.1 6.9 
SORT AC ma ee Ser Se be rer ue 59.3 + 3.3 21 
MET. 6. mol... Sol. 44 ICH5 ml. 0.220... 146.9 + 7.9 6.2 
MET, 0:6 umol-+Sol. 44° 6 5 ml. un... een ne 95.6 + 5.8 7.1 
HOMO IO] MR ere creme --nbercere 58.6 + 5.3 ial 
HOM; 6 umol. Sol 44° Gyro) mil, 2.2... re 64.3 + 10.0 Yen! 


The HT-factor was first assumed to be identical with methionine. How- 
ever, mutants of Ophiostoma multiannulatum reacting specifically for this 
amino-acid (tested according to N. Fries 1949) did not grow in the 44° C- 
solution even after its concentration to 20 per cent of the original volume. 
Another methionine mutant (N. 1488) also responding to homocysteine 
was then used as a test organism in experiments using the agar-diffusion 
method (Wikberg and Fries 1952). Although this mutant responds to as 
small a quantity as 4 ug methionine per plate no growth was obtained, 
indicating that none of the two amino-acids was present. The failure could 
not be due to the fact that the 44° C-solution contained some substance 
inhibitory to the growth of Ophiostoma, as good growth was obtained by 
an addition of methionine to the solution. Since the 44° C-solutions, tested 
in these experiments, exhibited a strong, growth-promoting effect on Copri- 
nus fimetarius, it must be inferred that the HT-factor cannot be identical 
with methionine or homocysteine. 

This conclusion is further corroborated by the fact that the high growth 
rate, which can be obtained with methionine (6 umol per flask), may be 
further increased by adding 44° C-solution (Table 7). This also makes it less 
likely that the HT-factor represents a precursor of methionine. 

Auxanographical analyses of 44° C-solutions with the aid of appropriate 
Ophiostoma mutants showed that the solutions contained a rather high con- 
centration of p-aminobenzoic acid, but additions of this vitamin had no 
influence on growth. The high content of sugar and salts, particularly 
phosphate, rendered a chromatographical analysis rather difficult. Preci- 
pitation of the phosphate removes a great deal of the active substance, and 
a desalting over Hg is impracticable when living organisms are used in 
testing for the HT-factor. Through the courtesy of Dr. C. E. Danielsson, 
Institute of Biochemistry, Uppsala, I have had the opportunity of using his 
newly constructed electrodialysis apparatus, details of which have not yet 
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been published. With the aid of this apparatus it proved possible to separate 
the HT-factor from the glucose and the salts, as this factor was positively 
charged at pH 2.5 in acetic acid. Finally, it appears that the HT-factor is 
soluble in butyl alcohol, very slightly soluble in ether, and evidently labile, 
since its activity completely disappears in a few weeks. 


Discussion 


Ware (1951) recently showed that in a particular strain of Bacterium coli, 
niacin is indispensable for growth at 44° C, but not at 37° C. Glutamic acid 
also strongly promoted growth at the higher temperature. Borek and Waelsch 
(1951) studied a strain of Lactobacillus arabinosus requiring phenylalanine 
or tyrosine at 37° C, and in addition aspartic acid at 39° C, but producing 
an optimal growth at 26° C without these substances. In a similar investiga- 
tion on the Ascomycete Sordaria camelliae, Barnett and Lilly (1948) were 
able to demonstrate that the effect of inositol strongly depended on tempera- 
ture. A quantity of inositol which at 26° C caused a slight and at 26.6° C 
a marked increase in the growth rate, was strongly inhibitory at 27° C. 
Campbell and Williams (1953) found that a number of thermophilic bac- 
teria require a more complex substrate at temperatures above the optimum, 
in some cases also at temperatures below the optimum. It may also be men- 
tioned that Emerson (1950) worked with a mutant strain of Neurospora, 
which grew when either methionine or choline was added to the medium. 
According to Emerson this strain »responds to choline and methionine much 
better at 35° C than at 25° C». 

It is interesting to note that a strain of the Basidiomycete, Coprinus fime- 
tarius, as has been described above, also requires an extra supplement to the 
substrate at an extremely high temperature (44° C), the supplement in this 
case being methionine or the so far unidentified HT-factor. 

The biosynthesis of the sulfur-containing amino-acids is obviously rather 
easily disturbed in fungi and bacteria. Lampen and collaborators (1947 a, b) 
have given closer study to a number of mutant strains of Escherichia coli, 
which cannot utilize sulphate as a source of sulfur but require methionine 
or cysteine. Similar studies have been published by Davies and Mingioli 
(1950) and Cowie, Bulton and Sands (1950). Among the mutants of Copri- 
nus fimetarius induced by nitrogen mustard (L. Fries 1948) one para- 
thiotrophic mutant was found, which was later identified as methionine-less. 
In a series of publications, Horowitz (1950) and collaborators have elucidated 
the biosynthesis of methionine through the sequence L-cysteine > L-cystathio- 
nine > L-homocysteine > L-methionine in Neurospora, at the same time 
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demonstrating its genetical background. Simmonds (1948) investigated a 
methionine-less mutant of Escherichia coli capable of growing also with 
cystathionine, allocystathionine and homocysteine, which indicates a similar 
pathway as that found in Neurospora for the synthesis of methionine. In 
Coprinus fimetarius, the growth can also be promoted by homocysteine, but 
cystathionine and allocystathionine are inactive. In order to obtain the same 
growth rate as with methionine, about 10 times as much of homocysteine is 
required. This difference could be due to some insufficiency in the mechanism 
transforming homocysteine into methionine. At any rate, none of the possible 
methyl donors, as choline, betaine and creatine, acted as a limiting factor, since 
additions of these substances did not enhance the effect of homocysteine. 
Another possibility could be that one of the enzyme systems acting in this 
transformation is disturbed in some way at such a high temperature. 

Other limiting factors to be considered in the synthesis of methionine are 
homoserine and threonine (Teas, Horowitz and Fling 1948). Threonine alone 
has no effect on growth, and homoserine has unfortunately not been avail- 
able for testing. 

An analysis of the blocked mechanism is considerably complicated by the 
fact that obviously other essential processes are also altered when the tem- 
perature is increased. This is indicated by the change of pH during the 
experiment, viz., in an alkaline direction at 44° C, but in an acid direction 
at lower temperatures, as well as by the presence of the HT-factor in the 
medium at high temperature only. This factor, which is not identical with 
methionine, is so far incompletely characterized. It could be an enzyme be- 
cause of its thermolability; in that case, however, its activity should not 
decrease so rapidly by dilution, as shown in Table 6. An amino-acid ought 
to give a stronger ninhydrin reaction as is produced by the HT-factor. One 
possibility would be a peptide, with methionine as a precursor. Further 
investigation, however, may serve to characterize this factor chemically, as 
well as to clarify its relation to methionine. 


Summary 


A strain of Coprinus fimetarius has been found to have its temperature 
optimum at 40° C. It is still able to grow at 44° C, the growth at this tem- 
perature, however, being considerably increased by an addition of hydro- 
lysed casein. The active principle was determined as methionine, which 
produced its optimal effect in a concentration of 80—240 umol per litre. 
Of chemically related substances only homocysteine possessed a certain 
activity, although much weaker than that of methionine. A nutrient solu- 
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tion, in which the fungus had grown for at least ten days at 44° C also 
promoted further growth at this temperature. Such a solution does not con- 
tain free methionine or homocysteine, but a hitherto unidentified factor, 
called HT, which is insoluble in ethylether, rather soluble in butyl alcohol, 
and positively charged in acid solution. 
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During the last decade genetical studies, especially on microorganisms, have 
given rise to a more profound investigation into the biochemistry of mutants, 
particular attention having been paid to the relation between genes and 
enzymes. In a few cases the primary enzyme corresponding to a specific gene 
might have been found (Mitchell and Lein 1948; Fincham 1951). One 
cytoplasmatically inherited character in yeast (cf. Ephrussi and Hottinguer 
1951) has been shown to be connected with the loss of some respiratory 
enzymes. 

The present investigation was undertaken with the hope that it might 
be possible to attack these problems from another angle beginning with 
enzyme studies. By studying the possibility of a variation in the formation 
capacity for some enzymes in different strains of Collybia velutipes, the 
authors hoped to determine whether these enzyme systems are influenced 
mainly by nuclear genes or by cytoplasm — and since one of the authors 
is especially interested in cellulolytic enzymes (Norkrans 1950) these enzymes 
were first investigated. Physiological and genetical studies on C. velutipes 
(Aschan 1952) indicate that this species is especially suited for an investiga- 
tion into cytoplasmic inheritance, since a comparison between haplonts 
and neohaplonts (for definition see N. Fries and Aschan 1952) can easily 
be made on a large scale. Thus, if neohaplont-variation exists it is an indica- 


tion that one might have a cytoplasmatically inherited character (cf. Harder 
1927). 
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Material 


The strains of Collybia velutipes (Curt. ex Fr.) Quél. used in this investiga- 
tion can be divided into the following four main groups: 


I Wildtypes, 
a) monocaryotic wildtypes 
b) dicaryotic wildtypes 

II Mutants, 
a) monocaryotic mutants (morphological and biochemical) 
b) dicaryotic combinations between mutant and wildtype 
c) dicaryotic combinations between two mutants 

III Neohaplonts (wildtypes and mutants). 


All dicaryotic mycelia except five, which are densely sown cultures, 
represent pairings between two known monocaryotic strains. When two 
compatible monocaryotic mycelia are paired, there is a certain risk that such 
a known pairing has not only clampforming dicaryotic hyphae in its 
mycelial mat, but also hyphae from the original strains. Such dicaryotic 
pairings have therefore been cultivated on cellophane sheets in micro-cultures, 
where, by microscopic examination, it was possible to make sure that only 
clampforming hyphae grew out (cf. Aschan 1952). 

Dicaryotic mycelia from two known monocaryotic mycelia are marked 
as a cross between two types and are always enclosed in parenthesis. 

Concerning the four above-mentioned groups further details are given 
as follows: 

Group I. Wildtypes from 45 different fruitbodies have been investigated. Fruit- 
bodies collected earlier than 1950 are named with a capital letter. Those collected 
later are given Roman numerals preceded by the number of the year. From the old 
fruitbodies (capital letters) all existing monospore cultures have been tested; from 
the later ones usually only 5 monospore cultures were tested, even when more 
existed. In a few cases, (51/XXV, 51/XLII), where the first tested cultures gave 


interesting results, more than five monospore cultures have been tested. 
The following scheme includes all monocaryotic (261) and dicaryotic (8) wildtype 


strains investigated. 


Fruitbody - 1 Number of tested strains 

: Collected Locality Growing on | — Fe 
pire monocaryotic dicaryotic 

A Sept. 1948 Uppsala — 15 IH ASTRA) 

B ACTES same locality en a 

C Dec. 1948 at Uppsala 

D Dec. 1948 Ulmus 1 

E Dec. 1948 Uppsala — 2 

F Jan. 1949 Uppsala Ulmus 1 

G 1943 Uppsala — 1 
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Done Number of tested strains 
Fruitbody Collected Locality Growing on ; = 
strain monocaryotic dicaryotic 
H 1945 Uppsala _- 
I Febr. 1949 Uppland Salix = (L 1XL 7) 
ig April 1949 Uppsala (L 1XL 11) 
N Sept. 1949 Uppsala _— 31 
O Nov. 1949 Uppland — 25 
pa London == 
Q Paris — 
R Paris — 
51/I Sept. 1951 | Uppsala == 5 
51/II Sept. 1951 | North of Lapland | Salix 7 
51/V Sept. 1951 » Salix 5 
51/VII Oct. 1951 | Uppland Quercus 5 
51/VIII =| Oct. 1951 Uppland Alnus 5 
51/IX ? Oct. 1951 Eskilstuna Quercus 5 
51/X ? Oct. 1951 | Eskilstuna Populus 5 
51/XII Oct. 1951 Stockholm Salix 5 
51/XIV Oct. 1951 Stockholm Salix 5 
51/XV Oct. 1951 Uppland Salix 5 
51/XVI Oct. 1951 Stockholm 5 
51/XX2 |Oct. 1951 Akershus, Norway | Betula 4 
51/XXII | Nov. 1951 | Uppsala Sambucus 5 
51/XXIII ? Nov. 1951 | Uppland Populus 5 
51/XXV ? | Nov. 1951 Stockholm Ulmus 10 
51/XXVII | Nov. 1951 Sala Ulmus 5 
51/XXXII| Nov. 1951 Uppland Quercus 6 
51/XLI? | Nov. 1951 Gothenburg Salix 5 
51/XLIL | Nov. 1951 | Uppland Salix 12 
51/XLIV | Nov. 1951 | Uppland Populus 5 
51/XLVII | Dec. 1951 Vanersborg Salix 3 
51/LIT2 | Dec. 1951 Visby Salix 5 
52/1 Jan. 1952 | Copenhagen Cytisus 5 
52/11 Jan. 1952. | Gothenburg = 5 
52/111 Jan. 1952 | Gothenburg Sambucus 5 
52/IV Jan. 1952 Gothenburg Ulmus 5 
52/VIII? | Jan. 1952 Holte, Denmark Fagus 5 
52/IX Febr. 1952 | Copenhagen Morus + 
| 52/X April 1952 | Scania Fraxinus 5 
52/XI Sept. 1952 | Stockholm Ulmus 5 


1 From Baarn collection. 


? Strains showing a marked tendency for fruitbody production even on the monocaryotic 
mycelia. 


L 1 and L 7 belong to compatible strains easily forming clamps with each other. 
L 1 and L 11 are also compatible but form clamps less readily. A 1 paired with 
A 11 gives a richly clampforming mycelia. Fruitbody production on 2.5 per cent 
maltagar is slower, and not so abundant, as in the case of the L-pairings. 

Group II. In this investigation 10 biochemical and 55 morphological mutants 
have been used. Most biochemical mutants also have special morphological cha- 
racters. All mutants except one (F 8/86, methionineless) are derived from oidia 
of one of three monospore cultures from fruitbody L, namely L 1, L 7, and L 11. 
All mutants are given a complex double number prefixed with an F. Thus, all 
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mutants prefixed with the experimental number F 25, F 27, F 29, F 31, F 34 and 
F 38 are derived from the monocaryotic mycelia L 1 (27 morphological and 6 bio- 
chemical mutants) and mutants prefixed with F 36, F 37, and F 39 are derived 
from L 7 (18 morphological and 2 biochemical mutants). Those prefixed with 
F 26 and F 28 are all derived fram L 11 (8 morphological mutants and 1 bio- 
chemical). 

For details concerning all biochemical mutants tested see Aschan 1952, Table 1. 
Mutant F 31/230 is there classified as a nucleic acid-less. Later it lost this physio- 
logical character but the strain still has a peculiar morphological type of growth. 
F 31/40 is valineless and isoleucineless. 

All biochemical mutants and two morphological ones have been tested in 
dicaryotic combinations with a compatible wildtype. F 8/86 (originates from a 
basidiospore of the D-strain) is able to pair with both opposite mating types from 
strain L. Thus, this mutant forms clamps with L 1, as well as L 7, and L 11. In all, 
15 dicaryotic mycelia of mutant-wildtype combination have been investigated. 
Eleven different clampforming heterocaryons between two mutants have been 
isolated, all have been used in the present investigation and are included in the 
following scheme. Duplicates have been made from some pairings. 


Dicaryotic pairing: Mutant characters: 

F 28/42XF 8/86 arginineless X methionineless 

F 29/157XF 8/86 arginineless X methionineless 

F 38/46XF 8/86 methionineless X methionineless 
F 8/86XF 36/257 methionineless X uridineless 

F 29/157XF 28/42 arginineless X arginineless 

F 29/157XF 36/198 arginineless X uridineless 

F 29/157XF 36/257 arginineless X uridineless 

F 31/170XF 36/257 adenineless X uridineless 

F 34/110XF 36/198 cytidineless X uridineless 

F 34/110XF 36/257 cytidineless X uridineless 

F 34/107XF 8/86 methionineless X methionineless 


All except (F 29/157XF 28/42) form fruitbodies on 2.5 per cent maltagar but 
the time required for the production of fruitbodies is very variating for different 
strains. 

Group III. 18 operation neohaplonts (marked op, followed by a numeral) have 
been tested, as well as 20 oidial neohaplonts. 

For further information concerning most op-neohaplonts, cf. Aschan 1952. The 


oidial neohaplonts are: 
from (F 8/86XL 11) in all 10, called oi 1 and oi 2, and oi 112: 1—8; 
from (F 34/110XL 7) in all 10, called oi 106: 1—10. 


Methods 


The agar-plate diffusion technique, so successfully used in antibiotic 
studies, has also been applied even for testing of other biochemical activities 
in microorganisms. Thus, Dingle and Solomons (1951) have determined the 
a-amylase and polygalacturonase formation in e.g. Penicillium and Asper- 
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Figure 1. The photo shows the 
activity zones around the test 
plugs of 4 different strains. 


gillus. And by a modification of their method, we have estimated the cellu- 
lolytic enzyme activity of different strains of Collybia velutipes. 


Our tests were performed in the following way: The test organisms were grown 
on a nutrient agar (called I) containing: cellulose (Swedish filter paper, Munk- 
tell No. 3, macerated by a »Turmix»-blendor and washed by shaking in distilled 
water) 5.0 g., glucose 0.75 g., NH,-tartrate 5.0 g., KH,PO, 1.0 g., MgSO, : 7 H,O 
0.5 g., ferricitrate (dissolved in citric acid) 5.0 mg., ZnSO,- 7 H,O 4.4 mg., MnSO, : 
-4 H,O 5.0 mg., CaCl, 55.5 mg., yest extract (dehydrated Difco) 250 mg., agar-agar 
15 g., and distilled water 1000 ml. 

After autoclaving, the agar medium was pipetted into 9 cm. Petri dishes (inner 
diameter 87 mm.), 10 ml. being added to each. Petri dishes of plane pressed glass, 
with perfectly plane bottom surfaces were used. This made it possible to obtain 
an agar-layer of uniform deepth (in this case 1.7 mm. deep). The cultures were 
incubated at +25° C, for generally 12 days. 

Mycelium-agar-plugs (11 mm. diameter) were cut out by a corkborer from the 
mycelial mats. The plugs were arranged in rows in empty plane-pressed Petri dishes, 
4 rows with 3 plugs in each, representing 3 parallels of 4 different strains. 10 ml. 
of the test agar were pipetted into the Petri dishes at about +42° C, thus, ensuring 
a perfect seal around each plug. The test agar contained: 1.5 per cent agar, plus 
0.8 per cent cellulose, precipitated in a cuprammonium hydroxide solution by means 
of hydrochloric acid, average DP about 200 (cf. Norkrans 1950, p. 10) plus 0.01 per 
cent merthiolat. Merthiolat prevents mycelial growth but permits cellulolytic enzyme 
— if present — to diffuse into the opaque agar, the result being the appearance of 
cleared zones around the plugs (Figure 1). Generally, the Petri dishes were incubated 


at +25° C for 72 hours. The diffusion zones were measured after 24, 48, and 
72 hours. 


Experiments and Results 


The reproducibility of the method. In order to get an idea of the method’s 
reproducibility, the tests were run as follows: two or three Petri dishes were 
set up, each containing 3 parallels of the respective strains. In order to check 
the results thus obtained, the experiment was repeated at different times. 
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Table 1. The cellulolytic activity, expressed as d, values, of four different strains measured 
after 72 hours in simultaneous tests and at various dates. 


ET 
(d,) in mm. 


Strain 


Dish a 
Dish b 


1952 


1953 


1952 
1953 


1953 


Test Date 


Nov. 18 
Dec. 16 
Jan. 26 
April 20 
April 20 
May 7 


Nov. 18 
Dec. 16 
Jan. 26 
April 20 
April 21 
May 7 


Dec. 12 
Jan. 26 
Mar. 2 


April 21 
April 21 
April 21 


Primary values 


13 14 
14 14 
14 14 
13.5 13.5 
13.5 13.5 
13 13 
14 14 
14 14 
15 15 
13.5 13.5 
13.5 13.5 
14 14 
14 14 
13 13 
13 13 
15 15 
15 15 
15 15 


14 
14 
14 
13.5 
13.5 
13 
14 
14 
15 
13.5 
13.5 
14 


14 
13 
13 


15 
16 
16 


Mean values 


14 
14 
14 
13.5 


The results can be seen in Table 1, where the primary values are given 
as mm. for the diameter (d,) of the cleared zone added to that of the test 
plug itself (d,=11 mm.). The three parallel values obtained from the same 
dish coincide perfectly with those from the other dishes tested simultaneously. 
On the other hand, values obtained at different times vary from one another 


Table 2. A comparison of cellulolytic activity calculated as (d,—d,) in mm., volume of 
cleared agar in mm?., and solubilized cellulose in mg. 


(dx-do) mm. 


NR NEE Se EIS 
oe 


r-h (rx?-ro?) mm?. 


320 
295 
271 
247 
224 
201 
180 
159 
139 
119 
100 

82 

64 

47 

31 


r-h (rx?-ro2)-C mg. 


© = ed bd bi DD DD 
© mi ND PR D © © ND KS 
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Figure 2. Relation between time and cellulolytic enzyme activity. A comparison of measure- 

ments of strain L 1 at 24, 48, and 72 hours at six different dates expressed in different 

symbols. In each case measurements include 3 parallels, if all parallels are identical, no 

numerals are given, if not, the number of equal activities are given above the respective 
symbol. — Correction: 16.2 read 16.12. 


somewhat, the mean deviation for the cleared zone, (d;—d,) values, makes 
about 15 per cent. 

In the following we have chosen to express the enzyme activity in terms 
of the difference (d,—d,), even called A diam. in mm. The activity, however, 
could also be expressed in terms of the volume (mm.*) of cleared agar or of 
solubilized cellulose in mg. according to the formula: 


A=nx°-h (r,?—1,?) : C, 


where h=1.7 mm., ro=radius of the test plug=5.5 mm., r,=the radius 
of the test plug and the cleared zone in mm., C=amount of cellulose per 
mm. agar=8 ug. Table 2 gives the corresponding values in mm. of cleared 
zones, agar volume in mm?., and amount of cellulose in mg. 

Figure 2, giving the primary (d;—d,) values for measurements of strain 
L 1 at 24, 48, as well as 72 hours, is intended to illustrate the good agreement 
between measurements made at different hours during a given test, as well 
as during subsequent tests and, furthermore, the nearly direct proportionality 
between diffusion rate and time, during the test period concerned. 

Temperature relations. In testing for the optimum temperature of the 
cellulolytic activity, remembering that Collybia velutipes grows at fairly 
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Figure 3. Influence of temperature on the cellulolytic activity in six strains. 


low temperatures, the test dishes were maintained at 10°, 15°, and 20° C, 
as well as at 25°, 30°, and 35° C, in those cases when a complete temperature 
series was run. The enzymic action of four different wildtypes and of one 
(mutant Xmutant) pairing is given in Figure 3. 

The ’optimum temperature” for enzymic action naturally varies somewhat, 
due to the length of time, the reaction is allowed to run. In the case of 
strains E 2 and (L 1 XL 7) for instance, 35° C greatly accelerated the enzyme 
action during the first 48 hours. At 72 hours, however, a slight breakdown 
of the enzyme may be accounted for by the fact that the 35° C curve and 
the curve of next lower temperature represent the same enzymic action. 
During the whole test time, L 1-enzymes showed precisely the same action 
at 35° C as at 30° C, (F 29/157 XF 28/42) -enzymes at 25° C as well as at 
30° C, and 35° C. Thus, since 25° C in most cases seems to be a sufficiently 
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Figure 4. Cellulolytic activity of 12, 20, and 30 days’ old 
Cafe et ee I mycelia of four different strains. 


12 20 30 days 


high temperature, we have chosen to use it in the following enzyme studies, 
where experimental periods of 72 hours are most often involved. 

Strain E 1 belongs to the very few wildtype strains tested (cf. Figure 6) 
which give a hardly positive enzyme reaction, when cultivated on agar medium 
I, after being tested at 25° C. The same reaction, of course, was obtained at 
15° C, whereas a slightly positive reaction appeared at 30° C after 48 hours, 
and during the whole test period at 35° C. 

These results suggested a temperature test of one negative mutant 
(F 36/257), which hitherto had given a totally negative reaction at 25° C 
under the same conditions. In this case, however, a raising of the test tempe- 
rature did not switch the enzyme reaction in a positive direction. 

pH relations. Experiments with about ten different strains were set up 
in order to determine the optimum pH for cellulolytic activity. The variation 
in pH was effected by a Teorell and Stenhagen buffer (1938). The pH values 
ranged between 4.5 and 7.0. The (d‚—d,) values indicated a pH independence 
within this range. The subsequent experiments were carried out at pH 
5.5—6.0. 

Incubation time of the testmycelium. In order to get a rough idea of the 
incubation time, 12, 20, and 30 days’ old mycelia of certain strains were 
tested. As can be seen from Figure 4, the enzymic action of the two (mutant 
Xmutant) strains did not differ very much with the mycelial age. The 
20-days’ old mycelia of the two wildtypes, however, were about twice as 
active as the 12-days’, or 30-days’ mycelia, the former presumably being too 
young, the latter possibly autolysed. Several strains included in this test 
material, e.g. L 1 and L7, however, grow faster than the N-strains. For 
this reason, we have continued to use an incubation time of 12 days as a 
standard, in order to be sure of getting unautolysed test mycelia in every case. 
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Figure 5. Cellulolytic activity of 115 mycelia from 7 different fruitbodies. The number 
of equally active mycelia from each fruitbody has been expressed as per cent of the 
total number mycelia for the respective fruitbody. 


Experiments with mycelia cultivated on I-media 


I. Wildtypes 


Monocaryotic wildtypes. From our first experiments it was clearly evident 
that the degree of cellulolytic activity varied considerably with different 
wildtypes, and that these differences proved constant in repeated experi- 
ments. Mycelia derived from the same fruitbody could show a difference 
as great as 6 mm. in the active diameter, the mean values for strains from 
different fruitbodies also being very variable. These two variations, viz. the 
mycelial variation in the same strain and between different strains are 
graphically demonstrated in Figure 5, which includes all strains, from which 
ten or more monospore mycelia have been tested. The number of strains 
with the same cellulolytic activity has been represented as the per cent 
of the total number of mycelia for the strain in question. Fruitbodies from 
different localities are here found to give rise to mycelia with mean values 
from 2.5 mm. (51/XXV) to 5.5 mm. (O-strain). Results obtained from the 
remaining wildtype strains are shown in Figure 6, only 1—7 (mostly 5) 
different monocaryotic mycelia from each fruitbody having been tested. Due 
to the small number of test mycelia from each strain, the figure here represents 
absolute values instead of percental and mean values. The results set forth in 
this figure confirm the conclusions drawn from Figure 5. Thus, some fruit- 
bodies tend to give rise to mycelia with a high enzyme activity (e.g. 51/XIV), 
while other fruitbodies give rise to mycelia with low activity (e.g. 52/IV). The 
variation within strains from the same fruitbody may be as slight as that 


38 


574 KARIN ASCHAN AND BIRGITTA NORKRANS 


>< 1952 ————> 


1951 
[=] D F N WOK Xu XV XX XK XXX XLV LM N Vv x XI 
C E / ViVi eX XIV XVI XX XXXVI XLII XLV 1 u mx 


Figure 6. Variation in cellulolytic activity of 146 mycelia from 33 different fruitbodies. 


shown by 51/V but is generally wider, and in some cases rather large (e.g. 
51/VII, 51/XXVII, 51/XLIV, 51/XLVII). 

A few tested wildtype-mycelia show no (one of 51/XXVII) or hardly any 
activity (one of the E-strains), or give an activity diameter as small as 
0.5 mm. (cf. mycelia from 51/VU and 51/XXXM). 

When comparing this figure with the collected data on page 565 and 566, 
it is clear that cellulolytic activity is correlated neither with the particular 
species of »host»-tree, nor with the locality, from which the fruitbody was 
collected. Similarly, no correlation exists beiween enzyme activity to either 
morpholog’zally similar mycelia, or mycelia of the same incompatibility 
group. Nor do strains having a tendency toward fruitbody-production in the 
monocaryotic stage appear to exhibit any special differences as regards the 
degree of cellulolytic enzyme production. 

Dicaryotic wildtypes. None of the three dicaryotic mycelia: (A 1XA 11), 
(L 1XL 7), or (L 1XL 11) gave a cellulolytic activity higher than either 
of the monocaryotic mycelia, from which they are derived (see Figure 8). 
The cellulolytic activity for both the tested dicaryotic L-pairings was about 
the same, even when the more active L 11-strain was one of the »parents». 

A rather large variation (2—5 mm.) exists among the strains from clamp- 
forming cultures, e.g. G, H, P, Q, and R. 


Il. Mutants 


Monocaryotic mutants. The cellulolytic activities of all tested mutants are 
shown in Figure 7, where these activities can be compared directly with 


those of the original wildtypes. 
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Figure 7 a represents the mutants from L 1. The adenineless strain F 31/170 
has given rise to two morphologically different types: one vital with aerial 
mycelia and one degenerated without aerial hyphae. Both types are, however, 
still adenine-requiring. Mutants from L7 are shown in Figure 7b, and 
mutants from L 11 as well as two mutants from oidia (monocaryotic) from 
(A1XA 11) are shown in Figure 7c. The latter mutants have been com- 
pared with the dicaryotic mycelia, since their nuclear types have not been 
determined. 


Figure 7 c also includes the methionineless F 8/86-mutant together with 
the value for the monocaryotic wildtype D, derived from a basidiospore of 
the same fruitbody as F 8/86. When, however, one takes into account the 
great variation that exists between basidiospore mycelia from the same fruit- 
body, a direct comparison between these two strains should be made with 
due reservation. 


Mutants occurred having (d,—d,)-values ranging from zero to a value 
more than twice as large as that of the wildtype, from which it had been 
derived. 


It is especially interesting to note that all biochemical mutants, except 
four, are unable to decompose cellulose under these conditions. Among these 
four strains the cytidineless F 34/110 is, however, nearly inactive. Two of 
the three existing methionineless strains, i.e. F 8/86 and F 38/46, are sligthly 
active (A-diam. 1.5 and 0.5 mm., respectively) as well as the vital form of 
the adenineless strain F 31/170 (A-diam. 1.5 mm.). 

On other culture media, however, strains giving negative reactions on 
agar medium I proved capable to produce cellulose splitting mycelia. The 
influence of various culture media on the cellulolytic activity of different 
strains will be dealt with in a separate paper. 

Even some morphological mutants (F 31/230, F 38/211, F 36/242, F 22/11) 
have in repeated experiments given no measurable cellulolytic activity. 

The morphological strain F 25/8 is the only one showing a A-diam. (6 mm.) 
twice as large as that of its original strain L 1 (2.6 mm.). The corresponding 
values of mg. decomposed cellulose obtained from Table 2, are 1.8 and 
0.66 mg., respectively. Thus, in this case the relation in enzyme activity for 
mutant: wildtype is about 3:1. The difference between the wildtype with 
A-diam. 2.5 mm. and the seven mutants with the A-diam. of 4 mm. are 
then about twice larger for the mutant. In some other cases, however, the 
cellulolytic activity of the wildtype (2.5 mm A-diam.) is much higher than 
many of its active mutants. 


A similar wide variation is to be seen even among the mutants from L 7 
or L 11, the variation for which is not so wide as for mutants of the L 1-type. 
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Figure 7. Variation in cellulolytic activity for all mutant strains compared with their 
respective original wildtype strains. All biochemical mutants are underlined. 
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However, it must be remembered that fewer mutants were tested from these 
wildtypes than in the case of L 1. 

Dicaryotic combinations between mutant and wildtype. Two morphological 
and eight biochemical strains have been paired with wildtypes and have 
been tested in pure dicaryotic combinations (see Figure 8 b). 

Monocaryotic mycelia of the two morphological strains F 26/79 and 
F 27/211 showed relatively high cellulolytic activity which remained un- 
changed or slightly decreased when these strains were combined with the 
wildtype. 

Combinations between the wildtype and biochemical mutants gave 
different results, however. In most cases the wildtype completely dominates 
the mutant type. Five pairings are even more active than the wildtype 
combination (L 1XL 7), three pairings have the same activity as (L 1 XL 7), 
and in one of the pairings, the activity is somewhat lower than that of the 
wildtype (Figure 8a). Most striking are the combinations between F 8/86 
and different wildtypes. 

This strain when paired with L 1 or L 7 gives rise to a fairly large activity 
diameter, but the combination with L 11 shows no activity at all. This is 
the only case where the mutant seems to dominate, or it might be more 
correct to state that here the activities of both »parental» strains appear 
to be inhibited. For further discussion concerning this mutant, see page 581. 

Dicaryotic combination between mutants. In Figure 8c, the activity of 
each double-mutant-combination has been compared with the two mutant 
strains, from which the dicaryotic pairing was derived. Only combinations 
between biochemical types have been tested. All of them are active, even if 
they are derived from two strains which show no activity, when maintained 
under the same conditions. Four such pairings were obtained. 

One of these dicaryotic combinations (F 29/157 XF 28/42) is the most 
active which we have tested, giving a A-diameter of 4 mm., when the 
corresponding wildtype gives only a diameter of 2.5 mm. This means that 
the mutant-pairing is capable of decomposing nearly twice as much cellulose 
as the wildtype, under these special conditions (see Table 2). It is noteworthy 
that the cleared zone is especially distinct for this mutant and even the 
morphology and habit of growth deviates remarkably from the other 
dicaryotic combinations, closely resembling the dicaryotic wildtype. (F 29/157 
XF 28/42) is also the only dicaryotic combination, which has not as yet 
formed fruitbodies, while all other pairings fruited more or less rapidly on 
2.5 per cent maltagar. 

The two uridineless strains F 36/198 and F 36/257 evidently differ, since 
pairings with the same cytidineless mutant, F 34/110, give different results. 
Under the same test conditions, F 36/198 gives rise to a dicaryotic strain 
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Fig. 8. A comparison between the cellulolytic capacity of the dicaryotic strains and that 
of the original mutants. In the case of double mutants the enzyme activity of the first 


mentioned mutant in parenthesis are always placed to the left of the filled column repre- 
senting the activity of the dicaryotic strain. 
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of the same order of activity as (L1XL 7). The pairing with F 36/257, 
however, produces the least active dicaryotic mycelia, except for the (F 8/86 
XL 11)-strain, tested in this investigation. 

On the whole, most (mutantXmutant) pairings either have about the 
same activity or one deviating slightly from the comparable dicaryotic 
wildtype. The only exception is the strongly active (F 29/157XF 28/42) 
and weakly active (F 34/110XF 36/257). Thus, it seems to make no differ- 
ence, if one, or two slightly active biochemical mutants, or two inactive 
mutants are the original strains in a combination. 


III. Neohaplonts 


In Figure 9 the cellulolytic activities of all tested neohaplonts (oidial and 
operative) are compared with that of the original monocaryotic strain, as 
well as with that of the dicaryotic strain, from which they have derived. 

All nechaplonts with the wildtype nucleus give about the same A-diameter 
as wildtype strains of the same nuclear type. The variation between 
neohaplonts with L 1-nuclei is somewhat larger than those with L 7-nuclei. 
The deviation in the case of op 27 and of op 15 is particularly marked. In 
addition, it has been previously shown that, in respect of growth, op 15 
differs strikingly from the other L 1 neohaplonts (cf. Aschan 1952). 

The L 11-nuclei neohaplonts, viz. op 21 and op 23 from (L1XL11), 
differ only slightly from one another, but are less active than L 11. 

The neohaplonts with F 8/86-nuclei are derived from (F 8/86XL 1) or 
(F 8/86XL 11), all oi-neohaplonts being derived from the latter strain. 
Isolations oi 1 and oi 2 are several years old and differ from one another, 
one being negative and one as active as F 8/86. Eight newly isolated oidia 
(oi 112: 1—-8) from the same combination (F 8/86XL 11) gave only 
negative neohaplonts. The operative neohaplonts derived from (F 8/86 XL 1), 
were both active. 


Discussion 


To the authors’ knowledge, very few investigations have been made in 
the physiology of monospore cultures from heterothallic hymenomycetes. 
L. Fries (1948) has studied biochemical mutants of Coprinus, both as mono- 
caryotic mycelia and dicaryotic combinations. Mittwoch (1951) analyzed 
genetically some morphological mutants of the same species. In 1952 
N. Fries and Aschan investigated the growth on different media of a few 
mono- and dicaryotic mycelia obtained from wildtype strains of a Polyporus 
species. In the light of these results, which demonstrated differences existing 
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Figure 9. A comparison of the cellulolytic capacity of neohaplonts (op- and oi-strains) 

and their original mono- and dicaryotic strains. Neohaplonts are always put together 

with the dicaryotic strains, from which they have been derived. The connection between 

those strains has been further marked by a common line. — Correction: read (F 8/86 XL 11) 
in the case of the dicaryotic strain which shows no cellulolytic activity. 


between neohaplont mycelia with the same nuclear type, it is not surprising 
that basidiospore mycelia isolated from the same fruitbody should vary con- 
siderably from one another, taking into consideration the many new pos- 
sibilities for recombinations that the meiosis implies. 

Even if the variation among monocaryotic wildtypes concerns only cellu- 
lolytic activity, it should be born in mind that the latter is a very complex 
character. Whether or not such activities involves only one enzyme, or a 
group of enzymes, it is very probable that such an enzyme could be influenced 
by a wide range of genes. Thus, it is not surprising that all the biochemical 
mutants, and many of the morphological ones, influence cellulolytic activity 
so strongly, or to cite Horowitz and Leupold (1951): »A mutation, which 
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induces a deficiency of an amino acid, for example, must secondarily affect 
the synthesis of virtually every protein of the cell.» 


With one exception the wildtypes in the dicaryotic combinations totally 
dominate the mutants, a fact interesting in itself, but needing no special 
comment, since similar cases are known for other heterocaryons (L. Fries 
1948). The single exception (F 8/86XL 11), however, deserves discussion: 
the A-diameter value is given for the pure F 8/86-strain in Figure 7c. It 
must be kept in mind that both the (F 8/86XL 11) and (F 8/86 XL 1)-com- 
binations have been made as early as 1949. During the past years different 
spontaneous mutations might have occurred in the F 8/86-nuclei in the mono- 
caryotic as well as in the two mentioned dicaryotic strains. One possible 
explanation is therefore that a mutation affecting the cellulolytic capacity 
but not the methionineless character might have occurred in the (F 8/86 X 
XL 11)-combination, where later all nuclei with a cellulolytic capacity dis- 
appeared. That such a mutation really has occurred is supported by the fact 
that oi 1 and oi 2, isolated some years ago, when the (F 8/86 XL 11) -pairing 
was fairly new, represent both the active and the inactive type, while the 
eight neohaplonts, viz. oi 112: 1—8, which were isolated this year, only gave 
rise to one type, the inactive form. If this might be the case, then it would 
be better to compare the negative combination (F 8/86XL 11) with one of 
the negative neohaplonts, which would more truly correspond to the mutant 
nucleus now existing in the diplophase mycelia. Another possibility, by which 
the differences between F 8/86-haplonts and neohaplonts might be explained, 
is that the combination with a certain wildtype (L 11) might have in some 
way promoted the development of the inactive mutant form. In an attempt 
to solve these problems, new (F 8/86 XL 11)-pairings are being made and will 
be tested later. Yet another possibility, viz. that mutant oidia formed on the 
dicaryotic mycelia may have obliterated the dicaryotic mycelia seems not 
very likely, since clamps were still present on the mycelia tested. 

The fact that two mutants give rise to strains identical with the dicaryotic 
wildtype coincides with the results obtained by L. Fries (1948), who 
studied a heterocaryon obtained from a pairing of biochemically dif- 
ferent mutants. Heterocaryons of C. velutipes, however, give rise to strains, 
which may be more or less active than the wildtype. The former fact 
represents a sort of heterosis, in which the greater degree of heterozygoty 
makes it possible for the organism to utilize the genes in a more effective way, 
at least in respect of the particular character considered and under the 
present experimental conditions. 

As regards the variation among haplonts and neohaplonts, further data 
will have to be obtained before any definite conclusions can be drawn 
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concerning nuclear and plasmatic inheritence. Since a more extensive in- 
vestigation already has been started, we hope to be able to discuss the 
problem later. 


Summary 


1. The cellulolytic capacity of wildtypes and mutants (both morphological 
and biochemical) of Collybia velutipes has been investigated, both as regards 
mono- and dicaryotic mycelia. 

2. A method for making quantitative measurements of the cellulolytic 
activity has been devised, using the agar-plate diffusion technique. The 
activity has usually been expressed in terms of (d,—d,) mm. where d, is 
the diameter of the test plug (=11 mm.), d, the diameter of the cleared 
zone-+ that of the test plug. ; 

The reproducibility of this test method proved satisfactory. 

3. The cellulolytic capacity of the testmycelia was found to depend on 
length of incubation time; the enzyme activity is dependent upon the 
temperature but independent of the pH within the range 4.5—7.0. 

4. Monocaryotic (261) and dicaryotic (8) wildtype strains from 45 different 
fruitbodies have been tested for their cellulolytic capacity. A rather large 
variation in enzyme activity was found to exist between monocaryotic strains 
from the same fruit body, the difference between the (d,—d,) values being 
as great as 6 mm. The mean value of cellulolytic activity for monocaryotic 
strains from different fruitbodies, expressed as (d,—d,) also varied con- 
siderably, namely from 2.5 to 5.5 mm. In a few cases, the cellulolytic activity 
was rather low, and for one monospore culture no cellulolytic activity at all 
was measurable by this method. 

5. Biochemical (10) and morphological (55) mutants have been tested. 
Mutant mycelia occurred having (d;—d,) values ranging from zero to a value 
more than twice as large as that of the wildtype, from which it had been 
derived. Expressed in terms of mg. decomposed cellulose, the cellulolytic 
capacity in the latter case was about 3 times that of the corresponding 
wildtype. 

6. In eleven out of twelve cases, dicaryotic combinations of the type 
(wildtype Xmutant) gave a cellulolytic activity of about the same order 
as that found in the case of the dicaryotic wildtype. Combinations with an 
inactive mutant did not seem to lower the production of cellulolytic enzyme 
by the wildtype. Except for one case where the dicaryotic mycelia showed 
no activity at all, the wildtype dominates in the production of cellulolytic 
enzymes, under these particular experimental conditions. The latter case has 
been thoroughly discussed. 
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7. Dicaryotic combinations between two biochemical mutants have been 
investigated in eleven different pairings. Under the standard test conditions 
in these experiments, most of these were found to be as active as the original 
dicaryotic wildtype in producing cellulolytic enzymes. In three different 
cases, combination of two non-cellulolytic mutants gave rise to mycelia, the 
cellulolytic capacity of which was as great as that of the original wildtype. 
The cellulolytic capacity of one combination, however, proved to be con- 
siderably weaker than that of the dicaryotic wildtype, that of another 
combination considerably greater (cf. Figure 8). The latter strain also 
deviates from the others both as regards fruitbody production and 
morphology. 

8. Neohaplonts probably of the same nuclear type have been shown to 
differ in their capacity to produce cellulolytic enzymes. If nuclear differences 
exist they could only be explained by spontaneous mutations. 


This investigation has been aided by a grant from Statens Naturvetenskapliga 
Forskningsrad. The authors are greatly indebted to Mrs. Spodra Kalazs and Miss 
Mirdza Siksna for skilful technical assistance. 


References 


1. Aschan, K.: Studies on dediploidisation mycelia of the basidiomycete Collybia velutipes. 
— Svensk Bot. Tidskr. 46: 366. 1952. 

2. Dingle, J. & Solomons, G. L.: A micro-method for the examination of the biochemical 
activities of microorganisms. — Nature 168: 425. 1951. 

3. Ephrussi, B. & Hottinguer, H.: Cytoplasmic constituents of heridity on an unstable 
state in yeast. — Cold Spring Harb. Symp. 16:75. 1951. 

4. Fincham, J. R. S.: The occurrence of glutamic dehydrogenase in Neurospora and 
its apparent absence in certain mutant strains. — J. Gen. Microbiol. 5: 793. 1951. 

5. Fries, L.: Mutations induced in Coprinus fimetarius by nitrogen mustard. — Nature 
162: 846. 1948. 

6. Fries, N. & Aschan, K.: The physiological heterogeneity of the Polyporus abietinus 
investigated with the aid of micrurgical technique. — Svensk Bot. Tidskr. 
46: 429. 1952. 

7. Harder, R.: Zur Frage nach der Rolle von Kern und Protoplasma in Zellgeschehen 
und bei der Übertragung von Eigenschaften. — Zeitschr. f. Bot. 19: 337. 1927. 

8. Horowitz, N. H. & Leupold, U.: Some recent studies bearing on the one gene—one 
enzyme hypothesis. — Cold Spring Harb. Symp. 16:65. 1951. 

9. Mitchell, H. K. & Lein, J.: A Neurospora mutant deficient in the enzymatic synthesis 
of tryptophan. — J. Biol. Chem. 175: 481. 1948. 

10. Mittwoch, U.: Studies in the genetics of some x-ray-induced morphological mutants 
in Coprinus. — Genetics 50: 202. 1951. 

11. Norkrans, B.: Studies in growth and cellulolytic enzymes of Tricholoma. — Symb. 
Bot. Upsaliensis XI: 1. 1950. 

12. Teorell, T. & Stenhagen, E.: Ein Universalpuffer fiir den pH-Bereich 2.0 bis 12.0. — 
Biochem. Zeitschr. 299: 416. 1938. 


PHYSIOLOGIA PLANTARUM, VOL. 6. 1953 


The Effect of Glutamic Acid, Aspartic Acid, and Related 
Compounds on the Growth of Certain Tricholoma Species 


By 
BIRGITTA NORKRANS 


Institute of Physiological Botany, University of Uppsala 
(Received June 26, 1953) 


In a previous work (1950) the present author attempted to clarify some- 
what the essential metabolite relations of some Tricholoma species; at that 
time the effect of exogeneous additions of several amino acids having 
been tested. The majority of species gave a positive response to glutamic 
and to aspartic acids. Positive reactions to these acids have also been 
obtained for several other hymenomycetes, e.g. Boletus variegatus (Melin 
1950), Polyporus abietinus (Fries and Aschan 1952). It was suggested, that 
the beneficial effect of these two dicarboxylic amino acids is bound up 
with their effect on the initial stages of growth, at which stage they would 
be superior to every other amino acid, providing they have no toxic effect 
on the organism and that there exists no complete heterotrophy which could 
prevent the synthesis of any particular amino acid. 

However, since several organisms are able readily to form glutamic acid 
by reductive amination of a-ketoglutaric acid, the stimulative effect of the 
dicarboxylic amino acids should not, perhaps, be ascribed to the amino 
acids as such but to their carbon skeleton. As established by Leonian and 
Lilly (1940), organic acids have a stimulative effect on fungal growth, and 
it seems not unreasonable to suppose that in the present case a-ketoglutaric, 
oxaloacetic, and probably other acids involved in the Krebs tricarboxylic 
acid cycle could be effective as substitutes. Thus, the present study was 
undertaken in order to compare the growth effects of the two amino 


acids concerned, as well as of their corresponding keto-acids and fumaric 
acid. 
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During the last few years, the fundamental rôle of the glutamyl and 
aspartyl radicals in the synthesis of peptides has been investigated (cf. 
Waelsch 1952). Since some results of my previous paper (Norkrans 1950) 
supported the assumption, that additions of peptides might increase the 
growth of some species, glutamine, asparagine, and glutathione were also 
included among the compounds tested here. 


Materia! and Methods 


Pure cultures of Tricholoma brevipes Bull. ex Fr., T. fumosum Fr. (non 
Pers.), T. gambosum Fr. (strains III and IV), T. imbricatum Fr., T. nudum 
Bull. ex Fr., T. pessundatum Fr., and T. vaccinum Pers. ex Fr. were used. 
The strains of T. gambosum were isolated in 1952. No. ill was collected 
near Uppsala, No. IV from the island of Gland in the Baltic. All strains 
of the other species have been used in earlier investigations (cf. Norkrans 
1950). 


The basal medium used contained the following constituents per litre: glucose 
10.0 g., NH,-tartrate 1.0 g., KH,PO, 1.0 g. MgSO,-7 H,O 0.5 g., ferricitrate 
(dissolved in citric acid) 5.0 mg., ZnSO, : 7 H,O 4.4 mg., MnSO, : 4 H,O 5.0 mg. 
CaCl, 55.5 mg., aneurin 40 ug., pH about 5.5. 

Of the species previously investigated T. gambosum and T. nudum have a some- 
what higher pH optimum, viz. about 6.0. Thus, in these cases the initial pH 
values of the nutrient solution were adjusted to about 6.0 by mixing mono- and 
dihydrogen potassium phosphates. In some experiments, when a basal medium 
almost free of organic acids was desired, ammonium tartrate was replaced by 
1.0 g. recrystallized dihydrogen ammonium phosphate. When glutamine, glutamic 
acid, asparagine, or aspartic acid were added, the L-forms were used. Additions of 
these compounds as well as organic acids, glutathione, or hydrolysed casein were 
made as Seitz-filtered solutions. In all experiments the casein hydrolysate was 
supplied with an addition of 5 per cent tryptophane. 

The cultures were grown in 125 ml. Erlenmeyer. flasks of Pyrex glass, the total 
volume of nutrient solution being 25 ml. in each case. Inoculations were made from 
mycelia, growing on agar-plates, by transferring one square piece (22 mm.) of the 
mycelium to each flask. The pieces were put floating on the surface of the culture 
medium. In Tricholoma species mycelial growth in different agar blocks usually 
does not start at the same rate. In order to obtain the most uniform growth rate 
possible, agar squares were placed on the surface of fresh agar-plates one day before 
the inoculation of the flasks. The mycelia which had attained approximately the 
same size were used as inocula. Incubation temperature was 25° C for all species 
except T. gambosum, which has an optimum growth temperature of 20° C (Norkrans 
1950). 

The time of incubation varied with the species studied. Each harvest involved 
at least four parallel flasks per series. 
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Figure 1. Effect of casein hydrolysate, glutamic acid, aspartic acid, and various related 
compounds on the growth of Tr. gambosum III. 


Experiments and Results 


The growth effects of glutamic acid, aspartic acid, their corresponding 
keto-acids and half amides, fumaric acid, and glutathione were compared 
on a molar basis; 10 umol of each being added per flask. The quantity of 
hydrolysed casein per flask was calculated (according to Schmidt 1944) 
to give a glutamic acid content of 10 umol; it amounted, consequently, to 
4.6 mg. 

In the first experiment, the growth effects of T. gambosum III were 
determined. In order to facilitate the comparison of results, the growth 
curves for the compounds tested have been divided into two groups; one 
including the curves for glutamic acid and closely related compounds; the 
other the corresponding curves of the aspartic acid series and of fumaric 
acid. As can be seen from Figure 1, most of the compounds added proved 
to increase the mycelial production, giving especially high relative growth 
values after the shortest incubation period. Thus, after 30 days, each of 
the two amides in its respective series brought about the greatest increase 
in the rate of growth. Asparagine gave a relative growth value of 525, 
glutamine one of 375, when the mean dry weight of the control series 
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Figure 2. Effect of casein hydrolysate, glutamic acid, aspartic acid, and various related, 
compounds on the growth of Tr. imbricatum and Tr. vaccinum. 


(5.3 mg.) was given as 100. Glutamic acid, when used in the above 
mentioned quantity, did not show any positive effect, whereas an addition 
of a-ketoglutaric acid about doubled the mycelial production. 

Experiments with T. gambosum IV showed the same tendency, the most 
positive effects being obtained by additions of glutamine and asparagine. 
However, the great dispersion existing between the primary values within 
the different series made the results somewhat uncertain. The reason for 
this dispersion is not quite clear, but it may be explained in analogy to 
what has been done in the case of the biotin synthesis of Marasmius 
androsaceus (Lindeberg 1944) or in the pyramidine-thiazole-synthesis of 
T. brevipes (Norkrans 1950): The fact that strain No. IV grows even more 
slowly than No. III may depend upon its partial deficiency in the synthesis 
of some essential metabolite or metabolites, which had not been added to 
the medium. A certain lack of uniformity in the inocula is inevitable in 
this method. Under certain conditions this might lead to greater quantities 
of the metabolite concerned being synthesized in one inoculum than in 
another, discrepancies arising as a result. 

In the next experiment, the growth effects of T. imbricatum and T. 
vaccinum were investigated in the same way. As can be seen in Figure 2, 
the situation in 7. vaccinum, incubation time 25 days, appeared to be 
about the same as in T. gambosum, viz. the two amides increased the 
growth rate to a higher degree than their corresponding amino- and keto- 
acids; asparagine having the greatest effect (relative value 244). The positive 
effect of a-ketoglutaric acid, however, was less pronounced than in the 
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Figure 3. Effect of casein hydrolysate, glutamic acid, aspartic acid, and various related 
compounds on the growth of Tr. pessundatum. 


case of T. gambosum and glutathione even exercised an inhibitory effect 
(relative value 52). 

As illustrated also in Figure 2, 7. imbricatum showed a similar growth 
response pattern. Thus, the addition of asparagine more than quadrupled 
and that of the corresponding keto- and amino-acids tripled the mycelial 
production. Glutamine, however, was not superior to the two other com- 
pounds in this series, but all three compounds increased growth to about 
the same degree, viz. to about 300 per cent. Quite remarkably, fumaric 
acid had an equally favourable effect. 

Figure 3 accounts for the results of the experiment with T. pessundatum, 
illustrating the growth values from two different incubation periods, viz. 
of 25 and 35 days. As can be seen, the response of this species to the 
asparagine-series was quite different; whereas an addition of asparagine 
brought about the strongest positive growth effect followed by aspartic acid 
and oxaloacetic acid in T. imbricatum, it was the reverse order in the case 
of T. pessundatum; thus, oxaloacetic acid having the most pronounced 
growth-promoting effect, giving relative values of 196 and 165, after 25 and 
35 days, respectively. The three compounds of the glutamic acid-series had 
about the same slight, positive effect. 

The effect on the growth of T. brevipes in the NH,-tartrate medium is 
illustrated in Figure 4. It is obvious that at the concentration used, glutamic 
acid brought about a growth increase (about 70 per cent at 35 days), 
approximately equal to that produced by glutamine, a-ketoglutaric acid, and 
casein hydrolysate, whereas an addition of aspartic acid more than doubled 
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Figure 4. Effect of casein hydrolysate, glutamic acid, aspartic acid, and various related 
compounds on the growth of Tr. brevipes. 


the mycelial production. Its keto acid was capable of producing an almost 
comparable growth stimulation. On the other hand the amide had only a 
slight, positive effect, equal to that of fumaric acid after 35 days. 


The stimulative effect of tartaric acid on fungal growth (Leonian and 
Lilly 1940), may be due to its relatively close connection with the acids 
of the Krebs cycle. Therefore, its presence in the basal medium may 
possibly diminish the positive effect of the compounds added. Thus, as a 
comparison, the growth reactions of T. brevipes in an ammonium phosphate 


Table 1. Effect of casein hydrolysate, two dicarboxylic amino acids, and various related 
compounds on the growth of T. brevipes in an ammonium phosphate medium. Incubation 
time: 15 days. 


Compound added | Dry weight of mycelium in mg. |Relative growth | pH beg. | pH end. 
NODE sae Maar 13.7 + 0.9 100 5.4 3.4 
SIUFAMINE.... +... 17.1 + 0.8 125 5.3 3.5 
glutamic acid ...... 18.4 + 0.8 134 5.4 3.4 
a-ketoglutaric acid AERO 125 5.4 3.4 
asparagine ......... ih ae One 129 5.4 3.8 
aspartic acid ..... 19.1 + 0.8 140 5.5 3.4 
oxaloacetic acid ... 18.8 + 0.7 137 5.4 3.5 
glutathione ......... 15.7 + 0.7 115 5.3 3.5 
fumaric acid ...... 19.8 + 1.0 145 5.3 3.5 
casein hydrolysate 23/3 00 170 5.4 SR 
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Table 2. À comparison of the effect of casein hydrolysate, glutamic acid, aspartic acid, 
and various related compounds on the growth of T. fumosum in an ammonium tartrate 
and an ammonium phosphate medium. Incubation time: 15 days. 


NH,-tartrate medium NH,-phosphate medium 
Compound added 
Dry weight mg.| Relative growth |Dry weight mg.| Relative growth 
NONE een gern 43.5 + 2.0 100 25.0 + 1.7 100 
glutamine’s,... cess 66.1 + 2.2 152 38.0 + 0.4 152 
glutamic acid ......... | 55.6 + 3.9 -128 39.9 + 0.8 160 
a-ketoglutaric acid 62.7 + 3.2 144 38.7 + 0.5 155 
asparagine 62.6 + 1.0 144 36.9 +- 1.1 148 
aspartic acid Pee 45.1 + 3.2 104 33.0 + 1.5 132 
oxaloacetic acid ...... 61.1 + 2.6 141 38.2 + 0.6 153 
glutathione™ ....27.00... 63.4 + 1.5 146 35.3 + 0.6 141 
fumaric acid... 58.8 + 4.3 135 33.5 & 0.9 134 
casein hydrolysate ... 77.6 +1.0 178 35.3 + 2.8 141 


medium were studied. The results given in Table 1 indicate that the various 
compounds, as regards their growth effects, stand in the same relationship 
to one another, only excepting the fumaric acid. Any change in the overall 
effect, however, might be interpreted as a slight decrease. 

The growth response of T. fumosum to the same set of compounds was 
also compared in an ammonium tartrate and an ammonium phosphate 
medium, see Table 2. The mycelial production was always much greater 
in the tartrate than in the phosphate series, though with a few exceptions, 
the relative growth values in each series were about equal. As shown earlier 
(Norkrans 1950) glutamic and aspartic acids, when added to tartrate medium 
did not greatly influence the growth rate of T. fumosum. The present result 
seemed to show the same effect although both the corresponding amides 
and keto acids caused a growth increase of about 50 per cent. 

As seen from Figure 5, all the compounds added had a very slightly positive 
effect on the growth of T. nudum, no relative values higher than 180 were 
obtained, the keto acids being probably more effective than their corres- 
ponding amino acids or amides. 


Discussion 


The earlier conception of glutamic and aspartic acids as growth stimulating 
substances for certain Tricholoma species has been confirmed by the present 
investigation. The data presented above, however, point to the conclusion 
that the stimulative effects are not dependent upon the dicarboxylic amino 
acids as such, since their corresponding keto acids accelerate growth to an 
almost equal degree, and in the case of T. pessundatum to an even higher 
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Figure 5. Effect of casein hydrolysate, glutamic acid, aspartic acid, and various related 
compounds on the growth of Tr. nudum. 


degree. Thus, whereas the carbon skeleton of the keto acids seems to be 
easily aminated, the transformation of fumaric acid into oxaloacetic acid 
or a-ketoglutaric acid generally occurs less readily, since additions of 
fumaric acid have a pronounced positive effect only on the growth of 
T. imbricatum. Respiration experiments would determine whether or not the 
stimulative effect of the dicarboxylic amino acids is caused by a favourable 
influence on the carbohydrate metabolism rather than on the nitrogen meta- 
bolism. As might be expected, tartaric acid seems unable in any case to sub- 
stitute the growth stimulating effect of those Krebs cycle acids which have 
been tested. 

No stimulative effects, however, were as great as those produced by 
additions of glutamine in the case of T. gambosum, and by asparagine in 
the case of T. imbricatum. According to known facts concerning the röle 
played by these two half-amides in the growth of microorganisms, the 
author has been inclined to interpretate these effects as depending upon 
certain difficulties in the peptide synthesis of these two species. This con- 
ception seems to be supported by the fact that additions of a dipeptide, viz. 
glycyl-glycine, exerted a growth promoting effect on T. gambosum III. 
Mycelial production was nearly tripled, whereas equimolecular amounts 
of glycine had only a slight effect. No other dipeptides have as yet been 
tested. Generally, microorganisms utilize peptides to the same or to a lesser 
extent than the component amino acids. Some exceptions, however, are 
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known and as regards glycyl-peptides, their advantage over glycine has been 
shown in the case of some glycine requiring lactobacilli (Malin, Camien, and 
Dunn 1951). The tripeptide glutathione also produce a certain favourable 
effect in the case of T. gambosum, although the uptake of this substance may 
be more difficult than that of the other. 

In several cases, the effect of the compounds in the aspartic acid series 
seemed stronger than those of the glutamic acid series. This may depend 
upon the concentration used. Judging from an experiment with T. gambosum 
III, where additions of 250, 50, 10, and 2 umol of the respective substances 
were used, the maximum growth effect of the compounds in the aspartic 
acid series was obtained with additions as small as 10 pmol, (the concentra- 
tion used in all experiments mentioned above), while additions of 50 pmol 
produced no further growth increase. In the glutamic acid series, however, 
a maximum effect was obtained with additions of 50 or 250 umol. Contrary 
results were obtained in the case of Lactobacillus casei (Feeney and Strong 
1942), where glutamine was effective in an amount of about one tenth that 
of asparagine. 


Summary 


1. A comparison has been made between the growth effects of glutamic 
acid, aspartic acid, their corresponding ketoacids and half-amides, fumaric 
acid, glutathione, and casein hydrolysate on some Tricholoma species. 

2. The stimulative effect of glutamic and aspartic acid does not seem 
to depend upon the diamino carboxylic acids as such, since their corres- 
ponding ketoacids have been found to accelerate growth to an almost 
equal degree. 

3. Only in the case of T. imbricatum did fumaric acid have a growth 
stimulating effect comparable with that of a-ketoglutaric acid and oxalo- 
acetic acid. 

4. The two amides, glutamine and asparagine, greatly stimulated the 
growth of T. gambosum and T. imbricatum. This effect has been discussed 
in relation to the peptide synthesis. 


The author is greatly indebted to Miss Mirdza Siksna for skilful technical 
assistance. 
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Ion Uptake by Young Wheat Plants. I. Time Course of 
the Absorption of Potassium and Chloride Ions 
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The present state of research in this field has been reviewed recently by 
Burstrôm (14, 15), Broyer (9), Overstreet and Jacobson (37) and Robert- 
son (44). It is clear that the broad phenomenon of the uptake of ions by the 
roots of higher plants can be analysed into a number of distinct processes 
having either a physical or biochemical basis. The outstanding questions to 
be tackled by present and future workers may be grouped under two 
headings: — 

a) A consideration of ionic concentrations in different thermodynamic 
phases of the root at successive stages of the absorption process, with a 
view to evaluating the relative importance of the various processes which play 
a part in the transport of ions, 

b) A further study of the biochemical mechanisms involved in the move- 
ment of ions within individual cells and possibly between cells. 

Most workers have concentrated on the latter aspect and have simplified 
their problem by the use of excised roots, disks of storage tissue or algae. 
The results thus obtained have often been directly interpreted as being those 
primarily operative in the roots of whole plants, despite the greater com- 
plexity of the system and the possibility of the existence of additional 
mechanisms. Relatively few investigations have been made with intact plants 
e.g. Alberda (1), Broyer and Hoagland (10) and Helder (19). 

The present paper is concerned with the first main problem. By determining 
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the time course of the changes in concentration of potassium and chloride 
ions in the roots of intact wheat plants in the normal condition and after 
treatments which induced structural changes in the roots, an attempt was 
made to analyse the process into some of its component stages. 

The terminology of Robertson (44) is followed in this and succeeding 
papers of the series — except that »accumulation» is used for uptake to the 
vacuoles regardless of the prevailing concentration gradient. 


Method 


The experimental material was wheat, variety Weibull’s »Eroica». To minimise 
fungal infection the seed was treated with a 0.1 per cent mercuric chloride/formalde- 
hyde solution for 20 minutes, washed well and dried. It was germinated by soaking 
overnight in distilled water and sewing on moist filter-paper in Petri dishes which 
were left in the dark for 3 days at 20°. About half of the seedlings were planted out 
on paraffined cork disks, with selection of those plants which were normally 
developed and of uniform size. The plants were reared for 4—5 days under constant 
conditions of temperature (20° C) and artificial illumination (fluorescent » daylight» 
lamps switched on for 16 hours per day). The atmosphere was constantly renewed 
and had a relative humidity of 40—50 per cent. The nutrient solution had the 
following composition: 

1 mM-KH,PO,, 1 mM-Ca(NO;),, 0.5 mM-MgSO,, 20 uM-MnSO,, 
20 uM- ferric citrate and 1 uM-B(OH),. 


Moist air was bubbled through the solutions, which were either changed daily or 
were being continually renewed. Bacterial and protozoan contamination of the 
nutrient solution was normally very slight. The roots exhibited prolific root-hair 
growth. 

For an absorption experiment, plants were placed in a known chloride solution 
(either KCl or a mixture of KCl and CaCl,) after nutrient solution had been allowed 
to drain off the roots. The manner of absorption of potassium and chloride was 
then followed by withdrawing plants at known times and determining the content 
of these ions in the expressed sap from the roots and sometimes from the leaves. 
For this purpose the roots were quickly cut away, superfluous solution being 
removed by pressing them rather firmly between filter-paper. The roots were 
weighed in tared weighing flasks, cytolysed by the addition of a few drops of 
chloroform and stored for 1—2 hours at —15° C. Essentially the same procedure 
was followed for leaves. The frozen material was wrapped in gauze and the sap 
expressed in a Carver laboratory press at room temperature, using a pressure of 
12,000 pounds per square inch, slowly applied. Root saps were often cloudy with 
colloidal matter when fresh, but could be clarified by centrifugation after storage 
for 24 hours at 2° C. Only the supernatant was analysed after centrifugation. 

Chloride was determined by the method of Keys (30), which consists of a Carius 
digestion in nitric acid and hydrogen peroxide followed by a Volhard titration, 
adapted to a semi-micro scale by the use of a Rehberg burette (40, 41). Aliquots of 
1—10 pmol chloride were analysed in duplicate. Potassium was determined by the 
use of a Beckmann flame spectrophotometer by measuring the light absorption at 
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767 mu. The sap was suitably diluted (normally 100 times) to give a concentration 
of 0.1 mM/l. and filtered through a fine paper before the estimation. In a few 
experiments calcium was also determined by a flame spectrophotometrical method, 
using the line 554 mu. The method is less sensitive, an aliquot of 2—8 mM/l. being 
required. 

When done in duplicate the chloride estimation is accurate to 2—3 per cent. 
Reproducible extraction of chloride (and probably anions generally) by sap expres- 
sion presents no difficulty, as there seems to be little or no adsorption. The potas- 
sium estimations should be accurate to the same degree if three readings are made 
and if one checks back frequently to the standard solutions, but the observed values 
are subject to a variable error probably due to cation adsorption during extraction. 
This was found to be minimised by freezing the roots prior to extraction (recom- 
mended by Hoagland and Broyer, 21) and the determinations are accurate to 
5 per cent. 

The degree of variability of response of the wheat roots in successive experiments 
to be reported in this and in following papers is exemplified in Figure 1 where 
determinations of the changes in chloride concentration of the root saps expressed 
from roots of whole plants after varying times in a solution containing 24 mM-KCl 
and 3 mM-CaCl, are collected from eight separate experiments. It should be 
emphasised that the biological variability within a single experiment was much 
less, at about the 2 per cent level, as shown in the following curves. 


Experiments with Normal Plants over 8 to 16 Hours 


Each plant group contained 56 plants growing in 550 ml. of nutrient 
solution, the latter being changed daily. On the 5th or 6th day the plant 
groups were each placed in 500 ml. potassium chloride solution for varying 
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Figure 2. Changes in the concentrations of potassium and chloride ions in the root sap 
of whole plants over 16 hours. Test solution was 10 mM-KCl, 10 mM-CaClo. 


periods up to 16 hours. The relationship between time and absorption was 
measured for concentrations ranging from 5 to 30 mM per l. The decrease 
in concentration of the test solution due to the uptake of potassium and 
chloride ions was less than 2 per cent; the external concentration can there- 
fore be regarded to have been constant. 

Calcium chloride was also a component of the test solution in some experi- 
ments. The object was to minimise the deleterious effects of exposure of the 
roots to an unbalanced ionic medium. Calcium and potassium are known to 
have opposing effects on certain protoplasmic properties (Strugger, 48). 
Microscopic observation of the roots at the end of the experiments showed 
a normal appearance of the meristems but many of the root-hairs had 
ruptured and sluggish plasma streaming could only be observed occasionally 
in the root-hairs. 

Typical curves for the time course of the changes in concentration of 
chloride and potassium ions in the roots of whole plants are presented in 
Figure 2 A and B. As reported by other workers, using different systems, 
the curves for the changes in chloride concentration showed an initial rapid 
rise followed by a slower steady increase. 
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POTASSIUM CONCN. 


598 G. W. BUTLER 


Table 1. Relationship between external and internal concentrations of potassium and 
chloride at the time of the maximum internal concentration of potassium. Concentrations 
are expressed in mM per |. 


er Eee 


Time of 


é rnal External External Maxm. Internal 
eens ro K conen. | Ca conen. | ™2*™: = K conen. | Cl concn. 
concn. 

13 5 5 = 2.5 6 4 
15 15 5 5 2.5 12 12 
21 20 20 — 3.0 16 14 
13 30 30 = 2.5 23 16 
17 30 10 10 3.0 20 21 
23 30 30 = 3.0 20 22 
25 30 30 == 3.0 21 18 
27 30 24 = 3.0 21 21 
29 30 24 = 3.0 15 21 

Mean 30 10 — 30 0 — 10 3.0 20 + 2.5 20 + 2.2 


Potassium concentrations in the roots varied in a different manner 
(Figure 2B). Over the first few hours there was a rise in the potassium 
concentration to an extent dependent on the amount of chloride present in 
the external solution; even when calcium was also present the rise tended 
to be roughly equivalent to the increase in chloride concentration of the sap 
during the same period. Subsequent chloride retention in the roots was not 
accompanied by a corresponding net retention of potassium; the concentra- 
tion was either constant for the remainder of the experiment or showed a 
gradual fall. The typical result then was to obtain an initial rise in potassium 
concentration correlated roughly with the external chloride concentration, 
but not correlated with the initial rate of chloride retention. There followed 
a gradual falling-off in the concentration ‘with the maximum in the curve 
being usually reached after 3 hours. 

Potassium was thus preferentially absorbed relative to calcium. The cal- 
‘cium content of the root sap was low, (3 mM per 1.) compared with a 
typical potassium content of 75 mM per 1. This did not appear to be due 
to the presence of calcium in insoluble form in the roots or to the precipita- 
tion of calcium during extraction. Ash analyses gave comparable figures. 
No variations in the calcium level were observed during the absorption 
experiments — a different analytical technique and considerably more plant 
material would have been necessary to investigate this point thoroughly. 

In Table 1 results from several experiments are collected in order to 
demonstrate the degree of correlation between the retention of potassium and 
chloride ions in the roots from zero time until the time of attainment of 
the maximal potassium concentration. It is seen that the two ions are retained 
in a parallel fashion over the first few hours. Strictly stoichiometric equality 
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Figure 3. Changes in the concentrations of 
potassium and chloride ions in the leaf sap. 
Test solution was 24 mM-KCl, 3 mM-CacCl,. 
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in their retention was not found, however; differences in the relative amounts 
retained varied in both directions in separate experiments by amounts some- 
what greater than could be ascribed to errors in the potassium determina- 
tions. This is probably because the ionic concentrations recorded in Table 1 
are the resultant of several ion-transporting mechanisms. Thus the chloride 
retention measured certainly includes metabolic accumulation, physical dif- 
fusion and exchange adsorption. The initial phase of the potassium curve 
will similarly be composed of diffusion and exchange adsorption and possibly 
accumulation to the vacuoles. The subsequent gradual fall in potassium con- 
centration could be due either to translocation to the shoot or exosmosis to 
the solution. In any case this mechanism competes against the mechanisms 
which appear to be dominantly operative in the first phase. The position of 
the maximum in the time curve and the observed concentrations of potassium 
are governed by the relative intensities of flux of potassium by any of these 
mechanisms. 

Analysis of the leaf saps of normal plants showed that there was a linear 
increase in chloride concentration after an initial lag-period of 1—2 hours 
(Figure 3). 

The potassium concentration of the leaf sap was three times higher than 
that of root sap, namely 240 mM/l. It was not possible to measure the extent 
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Figure 4. Changes in the concentrations of potassium and chloride ions in the root sap 


of whole and decapitated plants. Test solution was 30 mM-KCl. Diacritic symbols: crosses 
for decapitated plants and circles for whole plants. 


of translocation of potassium using the above-described technique because 
of the difficulty of detecting small fluctuations in such a large total amount. 
Using radioactive sodium, Broyer and Hoagland (10) observed for young 
barley plants that there was a lag-period of 1—2 hours followed by steady 
movement of radioactive ions to the shoot, although the root cells were still 
far below the point of salt saturation. 


Effect of transpiration intensity 


A series of three experiments was conducted to ascertain the influence of 
transpiration on the rate of retention of chloride and potassium by the roots. 
At the commencement of the experiments, the shoots of one half of the 
plants were excised 1 cm. above the endosperm. No exudation of bleeding 
sap from the decapitated plants was observed. Figure 4 shows the results for 
a typical experiment; the decapitated plants showed a higher rate of accu- 
mulation of potassium and chloride by the roots than intact plants. 

In one experiment the transpiration rate was varied by keeping half the 
plants in darkness and the other half in light during the absorption period. 
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The rate of retention by the roots exhibited the same effect, being greater 
with low transpiration. Analyses of the leaf saps showed that there was a 
higher translocation of chloride associated with the higher transpiration rate. 


Experiments with Normal Plants over 150 Hours 


The plants were grown in flowing nutrient solution, using the apparatus 
described by Wilske and Burstrôm (54). Each plant received 45 ml. solution 
per day, compared with 9 ml. per day in the short-time experiments. Four 
experiments were done, each with a different test solution: 


1) 5 mM-KCl, 5 mM-CaCl, 

2) 8 mM-KCl, 1 mM-CaCl, 

3) 10 mM-KCl, 5 mM-NaH,PO, (pH 4.8) 
4) 10 mM-KCl, 1 mM-NaNO, 


The nutrient solution had the usual composition except that in Expt. 3 
2.5 mM-NaH,PO, was also present. 

An interesting observation was that in all four experiments greater root 
elongation during the cultivation period was observed than with plants being 
simultaneously grown for short-time experiments in smaller volumes of 
nutrient solution. Thus in Expt. 1 primary roots from a parallel short-time 
experiment were 80 mm. long after 4 days’ cultivation compared with 140 mm. 
for roots grown in flowing solution. The corresponding fresh weights for 
roots from 28 plants were 1.95 g. and 2.60 g. respectively. Since in both 
cases mineral nutrients were supplied in amounts far in excess of require- 
ments, it was concluded that the greater root length observed when flowing 
solutions were used was due to increased removal of substance(s) exuded 
by or leaking from the roots — substance(s) which normally had a retarding 
effect on root elongation. 

The changing of the plants over to the test solution was accomplished 
gradually by allowing test solution to slowly replace the nutrient solution 
in each container (volume 150 ml. holding 14 plants). The endosperms 
remained on the plants throughout the experiment. Each day one plant 
group of 28 plants was removed and analysed for K and Cl as before. 

When the growth rates (measured as increase in weight of the root and 
shoot systems) of plants in the above test solutions were compared with 
those for plants in nutrient solution all the time it was seen that the presence 
of calcium in Expts. 1 and 2 gave the least departure from normality in that 
there was appreciable root and shoot growth until the end of the experiment, 
though at a reduced rate. In the other two experiments there was virtually 
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Figure 5. Changes in the concentrations of potassium and chloride ions in the root sap 
.of whole plants over 140 hours. Test solution was 5 mM-KCl, 5-mM Calls». 


no root-growth after changing to the unbalanced solutions. In all experi- 
ments it was noted that morphological differentiation of the roots continued 
even when no increase in the fresh weight of the root system was found. 
Active plasma streaming was observed in root hairs during the final stages 
of Expt. 2 and plants which were replaced in a balanced nutrient solution 
after having been for 150 hours in the test solution continued to grow, though 
with a greater degree of lateral root formation than normally observed. 
Probably the gradual changeover of solutions reduced injurious effects to the 
roots. 

The results for Expt. 1 are presented in Figure 5 A and B. There was a 
steady increase in the chloride concentration of the root sap for at least the 
first 100 hours, followed by a tendency to fall. The potassium concentration 
either fell very slowly (as shown here) or remained sensibly constant. After 
150 hours when the experiment was discontinued the concentrations of 
potassium and chloride had approached practically to equality. Essentially 
similar results were observed in Expts. 2 and 3. In the presence of nitrate 
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at a concentration one-tenth that of chloride ( Expt. 4), retention of chloride 
was stabilised at a value one half to one third of that obtained for chloride 
alone. Whereas nitrate antagonised chloride uptake to a high degree, phos- 
phate (Expt. 3) did not appear to do so at all, suggesting that phosphate is 
absorbed by an entirely different mechanism. 


Experiments with Plants Treated with n-Diamylacetic Acid 


Burström (12) has shown that 10-° M-n-diamylacetic acid (DAA) causes 
a decrease in cell multiplication and delay in the cell elongation in the 
epidermis of wheat roots, leading finally to its rupture by the formation 
of intercellularies in the meristem. Sandstrém (42) as a result of experiments 
on the uptake of potassium and calcium chloride by whole wheat plants, 
concluded that rupture of the epidermal layer probably resulted in the 
admission of the external solution in unchanged form. It was therefore of 
interest to examine the effect of DAA treatment on the course of retention of 
KCI in the roots in this series of experiments. 

The technique was the same as for the experiments over 8—16 hour 
periods described above, except that the period in nutrient solution was 
lengthened to 5—6 days to obtain complete rupturing of the epidermis. DAA 
was added on the second or third day at levels of 1—-2X10-° M and was 
present at the same concentration over the test period. The test solution was 
30 mM-KCl or 24 mM-KCI, 3 mM-CaCl,. 

In Figure 6 A and B are presented typical results from one of the five 
experiments performed. Both for chloride and potassium very similar time 
curves are obtained for the changes in the root sap concentration to those 
for normal plants. In Figure 6 A there is no significant difference in the 
uptake of chloride to the roots of normal and DAA-treated plants; in two 
other experiments barely significant higher chloride concentrations were 
found in the root sap of DAA-treated plants. The potassium level was 
initially 10—15 per cent lower for DAA-treated roots than for normal roots; 
similar time curves were obtained differing by the initial difference in 
potassium concentration. 

In one experiment leaf saps were also analysed. Time curves of the same 
form as shown in Figure 3 were obtained, there being a slightly lower rate 
of chloride uptake to the shoots of DAA-treated plants than for normal 
plants. The rates of change of chloride concentration in the leaf sap were 
1.73 and 2.15 umol Cl per hr. per ml. sap, respectively. The potassium content 
of the leaf sap was found to be lower in DAA-treated plants, 180 mM/1. 


instead of 240 mM/I. 
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Figure 6. Changes in the concentrations of potassium and chloride ions in the root sap 


of normal and DAA-treated plants. Test solution was 24 mM-KCl, 3-mM-CaCl:. Diacritic 
symbols: circles for DAA-treated plants, crosses for normal plants. 


Total nitrogen analyses showed that there was a 15 per cent reduction in 
the N-content of the roots as a result of DAA treatment, the figures being 
2.87 and 2.40 me. per g. dry weight for normal and DAA-treated plants. 
The corresponding analyses for the shoots were 4.53 and 3.45 me. per 8. 
dry weight, an inhibition of 24 per cent. Burström has shown (13) that 
nitrate assimilation in wheat roots is inhibited by DAA at concentrations of 
10-7”—10-® M. Over and above the lowering in the contents of vital con- 
stituents, there is the actual growth inhibition or retardation to consider. In 
three experiments the percentage inhibitions of shoot growth were 10.5, 
13.5 and 8.6, calculated on a dry weight basis. 

Thus when comparing the ion uptake by normal and DAA-treated plants 
it is necessary to take into account other differences in the plants besides the 
morphological one and to try and decide whether the rupture of the epidermis 
is the causal factor giving rise to differences in physiological behaviour 
or not. 


It should also be mentioned that the same relationship between the rates 
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of retention of potassium and chloride ions in the roots of intact and decapi- 
tated plants was observed after DAA-treatment as has been described earlier 
for normal plants (Figure 4). 


Experiments with Plants Treated with Naphthylacetic Acid 


The extent to which KCI retention in the roots of intact plants was affected 
by changes in the rates of root elongation induced by naphthylacetic acid 
(NAA) was investigated in a series of three experiments. 

Two experiments were performed with flowing solutions using the same 
technique as described above. The nutrient solution contained 2.5 mM- 
NaH,PO, in addition to the other components. The test solution was 10 mM- 
KCl, 5 mM-NaH,PO,, pH 4.8, and the plants were harvested after two days. 
NAA was added in a series of concentrations during the cultivation and test 
periods, giving a gradation of inhibitions. The results are collected in Table 2. 
The two outstanding features are an increased chloride concentration and a 
lowered potassium concentration accompanying treatment with NAA. The 
effects are also discernible at the lower NAA levels used, where the root 
fresh-weight figures were the same within experimental error as for the 
controls. 

One short-time experiment was performed using 20 mM-KCI as test solu- 
tion and 1—5X10 5 M NAA. The root growth inhibition was 18 per cent 
on a fresh weight basis. The results (Figure 7A and B) show a slightly 
increased rise in chloride concentration in NAA-treated plants, as observed 
in the experiments over longer times (Table 2). The potassium level is much 


Table 2. The effect of NAA on chloride and potassium concentrations in the root sap. 
Experiments were performed using flowing solutions. The test solution was 5 mM- 
NaH2PO4, 10 mM-KCl, pH 4.8, and the absorption period was 48 hours. 


Root fresh wt. 
Expt. | NAA concn. M {Root length mm. 42 Pane Cl concen. mM. /1.| K concn. mM./l. 
0 120 3.69 27.0 62.6 
5 X 10-8 80 3.55 28.3 37.0 
L SO 55 3.72 34.5 28.6 
50! 35 1.93 35.5 31.4 
0 135 4.35 26.0 54.1 
Dax 10° 95 3.84 29.0 46.5 
2. 11 1.6 X 10-7 80 4.06 32.4 29.5 
ye 104 55 2.57 32.9 37.0 
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Figure 7. Changes in the concentrations of potassium and chloride ions in the root sap 
of normal and NAA-treated plants. Test solution was 20 mM-KCl. Diacritic symbols: circles 
for NAA-treated plants, crosses for normal plants. 


lower for the NAA-treated plants from zero time until the end of the experi- 
ment and the time curves run nearly parallel to one another at the different 
levels. 


Discussion 


To facilitate an analysis of the data presented it is necessary to have in 
mind an idealised picture of the wheat root, in which structures which have 
been regarded by previous workers to be of functional significance in ion 
absorption are emphasised. 


The cell walls of the epidermis and root hairs are important in ion exchange 
reactions with the surrounding solution (Williams and Coleman, 53, Mattson et 
al., 34). The epidermis is separately distinguished because it may have special 
selective properties (Sandstrôm, 45) or a differing permeability from underlying 
tissues. The cortical cells are regarded as being surrounded by a continuous liquid 
phase, the wall fluid; conduction of ions through cell walls may be relatively 
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important especially for metabolically inert ions like Ca, Cl (Hylmö, 27). The cyto- 
plasm probably forms another continuous conducting path for ions (Arisz, 2, 3, 
Broyer, 8). Each mature cell has a large vacuole which is a reservoir for ions. The 
endodermis is important because it is possible that the lateral oxygen gradient 
changes abruptly here (Crafts and Broyer, 18) and because movement of ions and 
water through the suberised walls may be impossible (Prevot and Steward, 39). 
Arnold (5) ascribes a special ion-accumulating role to the endodermis cells. The 
ions probably pass laterally across the tissue to the xylem vessels. Ions will be 
continually removed by the transpiration stream by an irreversible process, i.e. 
under all normal conditions there will be a polar transport of inorganic solutes and 
water. A circulatory movement of ions up through the xylem and down through 
the phloem also occurs. Because of their high metabolic activity, meristematic cells 
may be relatively more important than their numbers would indicate (39). 

There are thus three distinct liquid phases in the system: — 

a) The vacuolar sap, comprising ca. 70—75 per cent by weight and discontinuous 
through the root. 

b) The cytoplasm, ca. 5 per cent by weight, probably continuous through the root. 

c) The wall fluid, ca. 15—20 per cent by weight, continuous through the root. 

(The relative amounts of each phase have been arrived at from a consideration of 
the values of the »apparent free space» obtained for wheat roots (Butler, 16)). In 
addition the cell walls constitute a solid electronegative phase of large surface. The 
plasma contains amphoteric colloidal proteins, predominantly negatively charged 
under physiological conditions. 


Retention of chloride in roots 


Considering the retention of chloride by the roots of normal plants over 
the first 8 to 16 hours it is obvious from Figure 1, 2 A, 4A, 6A, and 7A 
that at least two mechanisms are operative, one giving rise to a rapid initial 
increase and soon reaching equilibrium and the other leading to a prolonged 
increase. The form of the curve is basically similar to those obtained for 
KBr by Hoagland and Broyer (22) and for KCl by Milthorpe and Robert- 
son (35), using excised barley roots. Two-phase curves of this type have been 
obtained by several other workers for storage tissue (Stiles and Skelding, 47, 
Steward and Harrison, 46, Robertson, 43, and others) and algae (Brooks, 6, 7). 
Following these workers, the first phase may be ascribed to simple diffusion 
and exchange adsorption and the second phase to metabolic accumulation. 
Since the concentrations of the test solutions were relatively high in the 
experiments described here, (10—30 mM), the rate of adsorption or diffusion 
to external surfaces of the root cannot have been a limiting factor in the 
time course of the uptake. 

Lundegärdh (32), in a study of the uptake of KCI at concentrations of 
0.1—0.5 mM per I. by roots of whole wheat plants, found that there was no 
initial rapid uptake but instead an induction period of 35 minutes before 
metabolic accumulation reached its maximum rate. Cation exchange over 


608 G. W. BUTLER 


the initial period, however, complicated the conductiometric measurements 
made to determine the uptake. A detailed consideration of the first phase of 
chloride equilibration with roots is deferred to another paper (Butler, 16). 

The rate of metabolic accumulation generally showed a tendency to 
diminish with increasing time. This is to be expected, especially since the 
plants were initially in a very good state of mineral nutrition. The mean rate 
of chloride uptake at a time of 5 hours in 9 experiments was 1.2 € 0.2 umol 
per ml. root sap per hr. 

It is surprising therefore that no definite equilibrium concentration was 
reached in the roots over longer times (Figure 5 A). The continued slow 
accumulation of chloride in the roots was probably due to the partial 
replacement by chloride ions of other anions which slowly leaked out from 
the vacuoles. The amount of physical exchange of anions between roots 
and external media is small, relative to cations, as shown by the experiments 
of Jacobson and Overstreet (28) with I* and P*O, at 0°; but it may be 
appreciable over the long experimental times used here. In any case the 
series of enzymic reactions responsible for the transfer of ions from the 
vacuoles must be subject to the normal laws of equilibria, with equilibrium 
constants strongly favouring accumulation but with a finite amount of ions 
remaining in the external solution at equilibrium. The equilibrium constants 
for each ion are partially interdependent, since the accumulation of ions is 
only partly selective. It follows therefore that with one-salt solutions there 
must be a movement of unrepresented ions from vacuoles to external solu- 
tion both because of physical leakage and because of the displacement of 
chemical equilibria. With flowing solutions this process would continue, so 
that a slow accumulation of chloride ions to replace ions which leaked out 
would be promoted. Using more balanced solutions, Hoagland and Broyer 
(21) found that bromide absorption by excised barley roots reached com- 
pletion in 18 hours. As mentioned earlier, the author found in one experiment 
that nitrate stabilised the chloride concentration at a much lower level. 

After 100 hours, the chloride concentration increased only slightly or even 
fell. This can probably be ascribed to dislocation of the accumulating 
mechanism as a result of the shortage of necessary metabolites after so long 
in a one-salt solution. 


Changes in the concentration of potassium in the root sap 


It should first be remarked that the roots had a high initial potassium 
status, ca. 75 mM K per |. root sap, compared with 1 mM-K in the nutrient 
solution. Table 1 and Figures 2B, 4B, 6B, and 7B show that increasing 
the external potassium concentration 5 to 30 times resulted in increases in 
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the internal potassium concentration over the first 2—3 hours by amounts 
roughly corresponding with the chloride uptake over the same time. It is 
questionable to what extent this rough correspondence can be interpreted 
as an indication of a connection between the uptake of potassium and chlo- 
ride, even if it were only for the preservation of electroneutrality. 

It might be expected that an increase in the external K concentration 
would cause increased initial absorption to the cell walls and plasma as 
observed for chloride. Detailed experiments over the first two hours are 
required to check this point; the experiments reported here, however, suggest 
that the maximum potassium concentration in the sap is not reached for at 
least 2—3 hours whereas physical equilibration of chloride and phosphate 
within cell walls and plasma should be completed in 15—20 minutes (Butler, 
16). Two experiments on the loss of K from roots to distilled water after they 
had absorbed K for 3 hours from 30 mM-KCl and 30 mM-KH,PO, respec- 
tively showed that 20 per cent of the total potassium rapidly diffused out, 
subsequent losses being small. Overstreet and Broyer (36) found using K* 
that only 10 per cent of the potassium present in root cells of low-salt barley 
plants is readily exchangeable at 0° C. It seems likely therefore that 10—20 
per cent represents the order of magnitude of the readily-removable potas- 
sium present in wall fluid and plasma. 

The experiment of Hoagland and Broyer (22, Figure 3) is of interest in 
this connection. The rate of uptake of KBr by 21-day-old excised barley roots 
in a low-salt condition was studied in the presence of air and nitrogen 
respectively. The external concentration was high (60 mM) compared with 
the initial K content of the sap (24 mM). Despite this there was practically 
no increase in the potassium concentration under anaerobic conditions. This 
suggests that little physical equilibration to the wall fluid and plasma had 
occurred, possibly because they were already saturated with regard to 
potassium at zero time. 

Ling (31) has proposed that high potassium concentrations might be 
attained in protoplasm relative to the external potassium concentration and 
to plasma concentrations of Na, Mg, and Ca without the direct expenditure 
of metabolic energy. Potassium might be selectively adsorbed to fixed charges 
within the cell because of its smaller hydrated size and because of a lower 
average dielectric constant. Ling points out that such selectivity is already 
recognised in various soils, permutit and synthetic exchange resins. A similar 
phenomenon could occur with the carboxyl groups of the protopectin struc- 
ture of cell walls; pectates have pronounced cation exchange properties. 
Multivalent ions, especially Ca, are important here in forming ionic bridges. 
However, Hinton (20) calculates that only 1 in.80 of the galacturonic residues 
requires on the average to function in bond formation in the lattice of a 
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moderately firm pectin-sugar gel. While a greater degree of bond formation 
would be expected in the more collapsible protopolyuronide structure in cell 
walls only a portion of the carboxyl groups will be involved in cross linkages. 

To summarise, further experiments over the first hour are required to 
determine the degree of physical re-equilibration in wall fluid and plasma 
when the external K concentration is increased from 1 mM to 5—30 mM. 
It is suggested that selective physical adsorption of potassium may occur 
within the cell walls and plasma even at low external potassium concentra- 
tions. The continued increase in the potassium concentration of the root sap 
for at least 2—3 hours indicates that some accumulation to vacuoles 
occurred. 

The subsequent decrease in potassium concentration at varying rates in 
differing experiments cannot be rigidly interpreted on the present data. 
Translocation to the shoot would appear to be excluded since the same 
phenomenon was observed in experiments with decapitated plants. Exosmosis 
to the solution as a result of a metabolic change is possible; two lines of 
approach commend themselves for further study. Firstly, a reduction in the 
organic acid content might be accompanied by potassium exosmosis (Bur- 
strom, 11, Ulrich, 50, 51). Secondly, according to Ling’s theory (31), a 
decrease in plasma potassium would acompany changes in protein structure 
following a decrease in the ATP level. That the loss of phosphate is not due 
to non-specific damage of the cells by the unbalanced salt solution would 
appear to be indicated by the relatively slow loss of potassium in the experi- 
ments over longer times (Figure 5 B). 

The near equality of the K and Cl root sap concentrations at the end of 
the long-time experiments is a provocative point. Possibly the ionic content 
of the sap was limited to K and Cl ions with no organic acids present, but 
no analyses were made on this point because of the small quantity of sap 
available. Sutcliffe (49, Figure 6) has shown the dependence of the internal 
potassium concentration of red beet disks on the associated anion in long- 
time experiments. Although no anion analyses are given, the order is that 
to be expected for anion absorption (NO, > Cl > H,PO, > SO,). Where more 
balanced solutions are used, the ions will be absorbed according to their 
relative deficiencies (Humphries, 24, 25, 26). 

Viets (52), Jacobson et al. (29), and Overstreet et al. (38) have reported 
that calcium exerts a stimulating effect on potassium absorption by excised 
barley roots. The effect is only important at low K/Ca ratios and would not 
be expected at the high K/Ca ratios used here. In the two experiments where 
the ratio was 1 (Table 1) there was preferential absorption of potassium. 
These workers also found that the calcium absorption was very low; it may 
have been due entirely to physical equilibration in cell walls and plasma. 
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Effect of transpiration intensity 


It appears (Figure 4) that an increased water transport through the wheat 
root system is associated with a decreased retention of potassium and chlo- 
ride ions in the roots. Hylmö (27) observed quite the reverse relation for the 
uptake of chloride from CaCl, solutions by the roots of whole pea plants. 
He thought that the transpiration stream promoted the penetration of 
chloride into the innermost parts of the relatively thick roots (diameter 
ca. 4 mm.). This explanation was supported by the low value of 8—9 per 
cent obtained for the »apparent free space» (defined as the portion of the 
root into which substances in solution apparently move by free diffusion). 
The lesser thickness of wheat roots (diameter 0.5 mm.) and the higher value 
obtained for the »apparent free space» (Butler, 16) argue for the idea that 
the influx of potassium chloride by diffusion was not a rate-limiting factor 
in these experiments. 


The obvious conclusion is that the greater requirement of ions by the 
transpiration stream has led to a diminshed quantity of ions available to the 
vacuoles. Broyer (8) and Arisz (2, 3) have postulated two relatively indepen- 
dent paths for the movement of ions in the root, namely accumulation to 
the vacuoles and migration through the symplast. The latter route may be 
modified, following Hylmö (27), to include also movement through cell 
walls; it is believed to be the path followed by most ions translocated to the 
shoot. On this picture, the author’s results must be interpreted as meaning 
that with increasing rate of water transport more ions have been released 
from the vacuoles, perhaps by leaching. Further evidence is desirable on 
this point using other experimental systems. 


Effect of DAA treatment 


The results (Figure 6) show that in these experiments on the time course 
of retention of potassium and chloride ions in the root the presence or 
absence of the epidermal layer was not a rate-limiting factor. Data from one 
experiment indicates that for chloride this was not due to a redistribution 
between root and shoot. This does not support the proposal of Sandstrôm (45) 
that epidermal rupture facilitates the passive entry of ions into the root. 
As pointed out by Arisz (4) it is known that salts and stains are able to move 
in the walls of epidermal and cortical cells. The concept of »apparent free 
space» (Hope and Stevens, 23, Butler, 16) is not consistent with the idea that 
the epidermal layer exerts a unique selective effect, but refers the ionic 
selectivity back to the tonoplasts of each individual cell. The experiments 
of Sandström were made with whole wheat plants using the long absorption 


612 G. W. BUTLER 


period of 2 days. Hence the difference observed may be due to other physio- 
logical effects of DAA besides epidermal rupture — i.e. with such a long 
absorption time the rate-stimulating effect on salt uptake observed may 
have been located anywhere in the plant. 

In order to further elucidate the possibility that the epidermis has a 
particular role in ion absorption, however, it seems desirable to repeat these 
experiments using test solutions of such low concentration that the rate of 
ionic movement into the »apparent free space» is much lower than the 
accumulating capacity of the root cells. 


Effect of NAA treatment 


The 15—20 per cent greater chloride concentrations in the roots of NAA- 
treated plants (Figure 7, Table 2) appears to be due to an acceleration of 
the second, accumulatory phase and is probably ascribable to an obscure 
metabolic effect. Lundegärdh (33) has shown that indoleacetic acid (IAA) 
stimulates bleeding of wheat roots at concentrations of 10-7 M and less, 
but inhibits bleeding at higher concentrations. He states that there was no 
influence of IAA on the absorption of chloride. Commoner and Mazia (17) 
found that IAA stimulated the absorption of KCl by potato disks, but sub- 
sequent intensive work on auxin metabolism has not developed this theme. 
There appears to be no connection between root length and the rate of 
chloride absorption to the root, i.e. the changes in spatial configuration of 
the roots induced by NAA did not result in changes in the absorption 
kinetics. 

The lower potassium concentration in roots and shoots of NAA-treated 
plants is an interesting side-result. Rhodes, Templeman, and Thruston (42) 
showed that the growth regulator 4-chloro,2-methylphenoxyacetic acid 
applied to the roots of tomato plants in sub-lethal amounts resulted in a 
specific effect on potassium metabolism, which was interpreted as due to a 
specific inhibition of the uptake of potassium by the roots coupled either 
with an interference with the transport of potassium from the roots to the 
tops or with a redistribution of potassium from the tops to the roots. 


The author is indebted to Professor Hans Burstrém for stimulating discussion 
and advice during the course of this work. He gratefully acknowledges financial 
support by the New Zealand Department of Scientific and Industrial Research. 


Summary 


The time course of the absorption of potassium and chloride ions to the 
roots and shoots of intact 5-day-old wheat plants has been followed, analyses 
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being made on the expressed root sap. The test solutions were 5—30 mM-KCl; 
varying amounts of Ca** were substituted for K+ in some experiments. 

1) In experiments over 8—16 hours the changes in concentration of chlo- 
ride in the root sap follow a characteristic two-phase curve, there being a 
rapid physical equilibration followed by lengthy metabolic accumulation. 
The chloride concentration increases linearly in the leaf sap after a lag- 
period of 1—2 hours. The potassium concentration in the root sap increased 
to a maximum value at 2—3 hours in a manner roughly parallel to the 
chloride uptake; thereafter there was a tendency for the potassium con- 
centration to decrease at a rate which varied in different experiments. 

2) Lowering the transpiration intensity by excision of the shoots or by 
placing the plants in darkness, increased the degree of retention of potassium 
and chloride ions in the root sap. 

3) Rupturing of the epidermis by treatment with n-diamylacetic acid did 
not affect the rate of change of the concentrations of potassium and chloride 
ions in the root sap. 

4) Retardation of the root elongation by the use of naphthylacetic acid 
did not markedly affect the rate of change of the concentrations of potas- 
sium and chloride ions in the root sap. The potassium concentration in the 
root sap of treated plants is only 50—60 per cent of the normal level. 

5) In experiments over 150 hours, the chloride concentration in the root 
sap rose steadily with no tendency towards a definite equilibrium state. The 
potassium concentration slowly decreased approaching the final chloride 
value. 

The bearing of the results on current theories of ion uptake is discussed. 
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Ion Uptake by Young Wheat Plants. IL The »Apparent 
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In the study of the mechanisms of uptake of ions by plants, the evaluation 
of the relative importance of the different pathways by which ions may 
pass through the root constitutes a major part of the overall problem. The 
present paper (reported in part at the Third Conference of Scandinavian 
Plant Physiologists, Helsinki, in June, 1952) is concerned with the concept 
of »apparent free space» (A.F.S.) developed by Hope and Stevens (15) 
which appears to be of significance in this connection. A.F.S. is defined 
as that portion of the root to which a particular solute apparently moves by 
free diffusion. The possible importance of the A.F.S. in the movement of 
ions through the intact plant has been recognised by Hylmö (16) who found 
that the uptake of calcium chloride by intact pea plants under varying 
intensities of transpiration could be explained on the basis of passage of the 
external solution by mass flow through the A.F.S., coupled with movement 
of water alone through the vacuoles. 

Working independently of Hope and Stevens and using in the main 
different techniques, the author concluded that such an A.F.S. existed; 
experiments are here described for the determination of the A.F.S. of wheat 
roots for chloride (by two methods), phosphate and mannitol. 


1 Address after Dec. 10, 1953: Grasslands Division, D.S.I.R., Palmerston North, New 
Zealand. 
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Uptake of Potassium and Chloride Ions 


The general experimental technique has already been described, (Butler, 3). 
As before absorption experiments were performed on 5-day-old wheat plants, 
with subsequent analysis of the expressed sap from the roots and occa- 
sionally from the leaves. 


Method 1. Time differentiation 


Time curves for chloride uptake to roots described earlier (3) demonstrated 
a rapid initial uptake; the magnitude of this could not be accurately assessed 
because there were few determinations over the first hour. In Figure 1 the 
results are presented for one of two experiments performed over a shorter 
time interval, in which intact plants were transferred firstly from chloride- 
free nutrient solution to 20 mM-KCl and subsequently to 0.2 mM-KCl. The 
curves obtained should be compared with those given by Hope and Stevens 
(15, Figure 3) for similar experiments on bean root-tips. The curves in each 
solution are resolvable into two parts. They differ from those of Hope and 
Stevens in that there was a higher rate of metabolic accumulation (14.5 umol 
per ml. root sap per hr. compared with 1.4 umol per g. per hr.) The 
temperature was 22° C. On changing to the more dilute solution there is a 
rapid leakage followed by accumulation at a reduced rate of 3 umol per ml. 
root sap per hr. This contrasts with the slow prolonged leakage found 
by Hope and Stevens and is consistent with the higher accumulating power 
of the author’s material. The initial leakage from wheat roots may be com- 
pleted in a shorter time than that from bean roots. 

Extrapolating each curve to the time of changing of the solutions, values 
are obtained for the amount of chloride which may readily move in or 
out of the root according to the prevailing concentration gradient. It is 
then possible to calculate the A.F.S. to chloride making the assumption that 
the rate of metabolic accumulation is constant over the first and second 
stages of the experiment. The chloride quantities obtained by extrapolation 
in Figure 1 are 4.6 and 4.2 umol per ml. root sap, leading to values for the 
A.F.S. of 23 and 21 per cent respectively. In the other experiment extra- 
polation gave 5.4 and 5.5 umol leading to an A.F.S. of 27 per cent. Thus the 
mean A.F.S. from the four extrapolations was 24.5 + 2.6 per cent. 


Method 2. Experiments with 2,4-dinitrophenol 


A series of four experiments was performed in which the rate of uptake 
of potassium chloride over six-hour periods was observed in the presence of 
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Figure 1. Initial physical equilibration and accumulation followed by leakage and further 
accumulation of chloride by roots immersed in 20 mM- and 0.2 mM-KCl respectively. 
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Figure 2. Changes in the concentrations of potassium and chloride ions in the root 

saps of DNP-treated plants. Test solution was 24 mM-KCl, 3 mM-CaCl. Diacritic symbols: 

crosses, normal plants; white circles, DNP-treated decapitated plants; black circles, DNP- 

treated whole plants; triangles, DNP-treated decapitated plants changed to water 
containing DNP at 2.32 hours. 
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5X10-5 M-2,4-dinitrophenol (DNP). The initial pH was 5.5 and fluctuated 
little during an experiment. The test solution was 24 mM-KCl and 3mM -CaCl,. 
At this level of DNP and pH it has been previously observed with wheat roots 
that there is neither a pronounced stimulation nor inhibition of respiration 
(Stenlid, 34) although salt accumulation is arrested (Lundegardh, 24). In 
order that there should be no lag-period in the inhibition of the accumulation 
of KCl over the initial stages, DNP was added at the same concentration to 
the nutrient solution 30 minutes before transferring the plants to the test 
solution. 


The results of a typical experiment are presented in Figures 2 A and B. 
The shoots were excised from most of the plants at zero time, but the uptake 
of chloride to the roots of whole plants in the presence of DNP is seen to 
be the same as that for decapitated plants. There is a rapid initial uptake 
which is complete within the first hour; the second phase of the chloride 
uptake (metabolic accumulation) has been almost completely eliminated by 
DNP treatment. The curves closely resemble those of Robertson et al. (32) 
for the uptake of KCl by DNP-treated carrot disks. Transference of the plants 
to water containing DNP at the same level results in the complete loss of 
the chloride taken up, 90 per cent of the loss occurring within 30 minutes. 
Extrapolation of the DNP curve back to zero time gives a value of 9.7 umol 
chloride per ml. root sap (allowing for the blank chloride analysis) corres- 
ponding to an A.F.S. of 32 per cent. 


Figure 2 B shows that there are initial rises in the potassium concentration 
of the root sap of decapitated plants corresponding to the chloride increases 
and succeeded by a decrease in a similar manner to that previously reported 
(Butler, 3). The data for whole plants is too limited to draw definite con- 
clusions; it is possible that the potassium level in the roots was influenced 
by the intensity of transpiration even in DNP-treated plants although the 
chloride level was not. Transferring the plants to water containing DNP 
led to a rapid decrease in the sap concentration by 23 umol per ml., compared 
with only 10 pmol for chloride. In another similar experiment the respective 
losses were 16 pmol K and 10 umol CI. 


Table 1. Equilibrium concentrations of chloride ions in the root sap of DNP-treated plants 
and the corresponding A.F.S. values. 


External concn. mM/L. Equilibrium internal concn. mM/l. | A. F. S. 0/0 
10 2.7 | 27 
30 10.8 36 
90 30.8 34 
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Figure 3. The influence of the external potassium chloride concentration on the internal 

equilibrium concentrations of potassium and chloride ions in the root sap of DNP-treated 

plants; the degree of reversibility of DNP inhibition. Diacritic symbols: crosses, normal 

plants; squares, DNP-treated plants in 90 mM-KC]; triangles, DNP-treated plants in 30 mM- 

KCl; white circles, DNP-treated plants in 10 mM-KCl; black circles, DNP-treated plants 
in 30 mM-KCI containing DNP for 2.53 hours, then in 30 mM-KCl without DNP. 


It appears therefore that the use of DNP enables a sharp distinction to 
be made between the physical and metabolic mechanisms of chloride uptake. 
In order to further characterise the physical processes involved, the 
equilibrium concentrations reached in the expressed root sap from decapi- 
tated plants treated with DNP were determined for different external con- 
centrations of KCl in one experiment. The results are presented in Figure 3 A 
and B and Table 1. For chloride it is seen that there are well-defined 
equilibrium states for each concentration. Corresponding changes in the 
potassium concentration occur. The relation between external and internal 
chloride concentrations at equilibrium are shown in Table 1, together with 
the corresponding A.F.S. values. 

In Figure 3 an indication of the degree of reversibility of the DNP inhibi- 
tion is given. Some of the plants in test solution containing 30 mM-chloride 
and DNP were transferred after 2.53 hours to 30 mM-chloride solution 
without DNP. After a lag-period of two hours the chloride and potassium 
uptake recommenced. In another experiment it was established that after 
12 hours in a DNP-free 30 mM-chloride solution the roots of intact DNP- 
treated plants had accumulated chloride to a concentration of 39 umol per ml. 
in the expressed sap. This indicates that DNP readily diffuses out from the 
roots whereupon there is a fairly complete reversal of the inhibition. Growth 
experiments with plants which were replaced in nutrient solution after 
treatment for 6 hours with DNP showed that there was only a slight growth 
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inhibition, about 10 per cent. The apical root meristems, however, were 
permanently affected, resulting in greater lateral root formation. 


In a few experiments the changes in the state of the protoplasm of root- 
hairs and epidermal cells when root tips were perfused with nutrient solution 
containing 5X10—5 M-DNP at pH 5.5 were observed. The presence of DNP 
was seen to result in a cessation of plasma streaming within 10 minutes, 
followed by a gradually increasing granulation of the cytoplasm. By per- 
fusion of the DNP-treated root tips with normal nutrient solution it was 
possible to induce plasma streaming again, even when the roots had been 
subjected to DNP action for as long as 3 hours. Olson and duBuy (26) 
observed that the effect of DNP on streaming in the Avena coleoptile was 
permanent and toxic at concentrations of 5.5X10-* M and 2.3X10 * M, 
with no effect at 5.5 10% M, (pH not stated). 

These observations are interpreted by the author to mean that under the 
experimental conditions used, the DNP inhibition has not resulted in the 
breakdown or irreversible damage of protoplasmic structures within the 
root. It seems reasonable to suppose that the chloride disposition within 
the root in the presence of DNP corresponds perhaps to the physical com- 
ponent of the uptake by normal roots. 

The mean value from seven curves for the A.F.S. for chloride, as deter- 
mined by this method is 33.7+3.1. 


Translocation to the shoot in the presence of DNP 


It was of interest to see if chloride which had entered the A.F.S. of the 
root passively in the presence of DNP could be transported to the shoot by 
the transpiration stream. Figure 4 shows the results of such an experiment. 
It will be seen that in the presence of DNP no movement of chloride from 
root to shoot took place over 6 hours. Of course, accumulation to the 
individual cells of the shoot should also have been completely inhibited, but 
passive transport to »free spaces» within the shoot might have been 


expected if there were no barrier between the >free spaces» of root and shoot 
respectively. 


An experiment was performed to check whether the rates of transpiration 
were the same with normal and DNP-treated plants. A similar technique to 
that of Hylmö (16) was used, except that it was technically impossible to 
weigh the plants at the beginning of the experiment because of the risk of 
damaging the delicate root-hair system. The plants were in nutrient solution 
throughout. The results in Table 2, expressed as transpiration rates per g. 
final weight of plants, show no significant difference between normal and 
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Figure 4. The effect of DNP-treatment on the 
rate of change of chloride concentration in 
the leaf sap. Test solution was 24 mM-KCl, 
3 mM-CaCls. Diacritic symbols: crosses, 
normal plants; circles, DNP-treated plants. re) 
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DNP-treated plants. In none of the experiments were there signs of abnormal 
wilting or guttation in the DNP-treated plants. 

It therefore appears that there is a metabolic stage, sensitive to DNP, in 
the translocation of chloride from root to shoot; this implies a discontinuity 
or tenuous connection between the »free spaces» of root and shoot. Hylm6 (16) 
on the other hand, thought that a fraction of calcium and chloride ions 
could move passively from root to shoot of pea plants with the transpiration 
stream. The disagreement may be due to differences in the anatomical 
structure of pea and wheat roots. The higher proportion of parenchymatous 
tissue in pea roots may promote passive movement of the transpiration 
stream through the walls to the shoot, while the well-developed stele in 
wheat plants may favour a bleeding mechanism. In the author’s experiments 
there is the possibility that leakage of ions from the cells of the shoots of 


Table 2. The effect of DNP on the transpiration of intact plants. Plants were in complete 
nutrient solution. The transpiration rates are expressed as mg. water per g. normal plant 


per hr. 
oo 
Mean ‘transpiration rates over times of 
Treatment 
4 hrs 9.5 hrs. | 22.3 hrs 
Normalal meter. rene 70 68 73 
OAS ay TSCA OOO COMET 83 74 88 
Be 118 89 92 
MERE EE os contes can aC 90 77 84 
DINBEtreated ie". 93 68 91 
DEREN IR ame eee 90 72 96 
Bebo: SnobeApedanne 85 68 77 
CS te seaae er dn AAC AC OPA DOLD 89 69 88 
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DNP-treated plants caused adverse ionic gradients for the movement of 
chloride. DNP is known to increase the rate of ionic leakage from carrot 
parenchyma cells (Robertson et al. 32). It appears unlikely, however, that 
the composition of the on-coming transpiration stream would be altered 


by this factor. 


Method 3. Experiments with Mannitol 


The above experiments were subject to the criticism that the root structure 
may have been damaged by the use of a one-salt solution and of DNP. A 
series of experiments was therefore performed in which the impermeability 
of protoplasts to mannitol was utilised to determine the A.F.S., using the 
following method: 


Wheat plants were grown by the standard technique in nutrient solution for 
4 days. They were then placed in a balanced nutrient solution containing a known 
concentration of mannitol. Since Burstrôm (5) has shown that at concentrations 
below 0.038 M the effect of mannitol on the cell elongation of wheat roots was 
completely due to changes in the elastic tension of the walls with no injurious effects 
apparent, the range 0.01—0.038 M was considered suitable. After allowing the plants 
to transpire normally for about 4 hours, the leaves were cut away and excess 
fluid was removed from the roots by centrifuging at ca. 700 r.p.m. for 1 minute. 
For this operation the cork disks containing the decapitated plants were supported 
just within the rim of each centrifuge tube by a wire ring hanging by hooks from 
the rim. The roots were then excised and submersed in a known volume of nutrient 
solution. Normally roots from 28 plants, weighing about 1 g., were placed in 20 ml. 
nutrient solution contained in tared shallow basins of diameter 5 cm. fitted with 
ground glass lids. The basins were then weighed to obtain the weight of roots and 
were left standing on the bench. They were gently rotated every 15 minutes to 
facilitate exodiffusion of mannitol and ensure that the oxygen supply was adequate. 
At varying times up to 3 hours, a batch was withdrawn and the solution filtered 
to remove stray root hairs. At this stage the roots always appeared completely normal 
with a high proportion of the younger root hairs exhibiting active plasma streaming. 
The solutions were stored in the cold pending analysis. 

A modification of the method of Elkinton (7) for the determination of mannitol 
in plasma was used, the principle being the oxidation of mannitol to formic acid 
and formaldehyde by a known excess of potassium periodate and determination 
of the excess periodate by titration with thiosulphate. Several sugars, notably 
glucose, would also have been oxidised by periodate under the conditions employed, 
but it was considered unlikely that they would be present in the root medium. 
Corcoran and Page (6) appear to have made periodic acid oxidation relatively 
specific for mannitol by temperature control and by determination of the formal- 
dehyde produced spectrophotometrically using chromotropic acid — this method 
was not followed in the present investigation, however. 

Suitable aliquots (containing less than 0.35 mg. mannitol) are pipetted in duplicate 
into pyrex boiling-tubes (20025 mm.) containing 5 ml. acid KIO, (prepared by 
making 0.60 g. KIO, and 20 mil. conc. H,SO, to 1 1. with water). The tubes are 
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Table 3. A.F.S. values for mannitol. Each figure represents the mean of duplicate chemical 
analyses on an individual exodiffusion experiment. 
Se ee eee 


Treatment Time hrs. AS Sy OG 

1.00 28.2, 21.0 

102m Me mannitol sas aante. cents sonics 1.84 24.6, 21.6 
292 22.8, 22.8 

N ea Rs ed de = 23.5 + 2.4 
0.91 29.8, 222 

20 mi Mmannittol ER rec 1.54 4 2107 
2.3 23.4, 29.4 

NEED Se Chace bees Anes MERE — 25.1 + 3.5 


1 Neglected because methodological error suspected. 


closed with glass tears to effect condensation and are heated in a boiling water 
bath for exactly 20 minutes. They are then kept in an ice-bath until titration. 
Immediately before titration the tubes are washed down with water and 1 ml. 
50 per cent KI (freshly prepared each day) is added. Titration is done with 0.005 N 
NaS,O, prepared freshly each day from stock 0.1 N thiosulphate. Since in acid 
solution it is only possible to obtain a diminishing of the blank periodate titre from 
21 ml. to 15 ml., it is preferable to add 15 ml. thiosulphate initially by pipette 
and titrate the final portion in a finely graduated 5 ml. burette. Alternatively a 
Bang burette delivering 15 ml. and 5 graduated ml. is suitable. 0.5 ml. 1 per cent 
amylose is added when the titration is 6.25 to 0.15 ml. from the end-point. The 
thiosulphate may be standardised against 0.001 N KIO,. 1 ml. 0.005 N Na,S,O, 
titrated by difference corresponds to 0.092 mg. mannitol. 

Duplicate chemical analyses never differed by more than 0.05 ml. It is preferable 
that none of the glassware should have been cleaned in dichromate, as traces 
remaining can give rise to large errors. In addition to a reagent blank, duplicate 
blank determinations were made on the media of roots which had not been treated 
with mannitol but which had otherwise been handled in exactly the same manner. 
This was to correct for the presence of other reducing substances which might be 
present through the normal process of exudation (Lundegardh and Stenlid, 25, 
Stenlid, 33). A titre of 0.1 ml. thiosulphate per ml. of root medium, reproducible 
within a given experiment, was obtained; this has been subtracted from the other 
titres to give the true amount of mannitol. The correction amounted to 10—20 per 
cent of the total titre — the assumption involved, namely that the same quantity 
of reducing substances would also diffuse from the roots in the presence of 
mannitol, constitutes the greatest weakness in the technique. It is most important 
that the roots are undamaged by the treatment; damage would be expected to 
result in the increased exudation of substances oxidisable by periodate, resulting 
in abnormally high results increasing steadily with time. Such time-curves were 
in fact observed in preliminary experiments where the roots were dried between 


filter-paper. 


Results from a typical experiment are presented in Table 3, in terms of 
the A.F.S. calculated from the individual determinations. The A.F.S. was 
first calculated assuming that the mannitol was present only in the volume 
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of the root medium (20 ml.); this volume was then increased according to 
the A.F.S. found and the slightly higher figure obtained by recalculation 
was taken as the true A.F.S. So far as can be judged from the spread of the 
results, diffusion equilibrium was reached rapidly and no increase with time 
over the experimental period can be seen. The error due to exudation has 
apparently been satisfactorily allowed for. The mean value of the A.F.S. from 
the 11 individual determinations is 24.3+3.0 per cent. 


Method 4. Experiments with Phosphate 


In the course of a study reported elsewhere (Butler, 4) on the uptake 
of labelled phosphate by excised wheat roots it was found that the total 
uptake was, as usual, resolvable into physical and metabolic components. 
An initial rapid increase in radioactivity of the roots, assignable to physical 
causes, was observed and it was considered of interest to attempt to measure 
the A.F.S. to phosphate of the roots by a more careful characterisation of 
this phase. To minimise the uptake by metabolic agencies, a comprehensive 
experiment of short duration was performed at 0° C. The technique was in 
all other respects the same as that described for the other experiments with 
P??_labelled phosphate. It is to be expected that a rapid exchange and diffu- 
sion equilibrium will be attained between inorganic phosphate in the external 
solution and the A.F.S.; if metabolic exchange is differentially retarded 
relative to physical exchange by the use of a low temperature it is possible 
to determine the A.F.S. in this manner. 

The solutions were aerated and the pH varied from 4.8 to 5.2 according 
to the KH,PO, concentration. A blemish was that the roots were transferred 
abruptly from nutrient solution at room temperature to the chilled test solu- 
tions; this may have caused some disorganisation of the root-hairs as sub- 
sequent microscopic examination at room temperature showed many plas- 
moptysed hairs with granular cytoplasm. The apical meristems were quite 
clear, however, and many calyptral cells showed active plasma streaming. 
The same dose of radioactivity (1 mC per 1.) was added to each test solution, 
although the carrier phosphate concentration varied from 1 to 10 mM per l. 
If the physical equilibration were linearly dependent on the external phos- 
phate concentration the same activity in the roots would then be expected 
for all treatments. 

The results in Table 4 show that, as expected, the activities in the roots 
were independent of the phosphate concentration. There is a slow prolonged 
increase with time probably attributable to metabolic activity, but possibly 
due to slow exchange (Overstreet and Jacobson, 27). It is doubtful if the 
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Table 4. Exchange of labelled phosphate at different concentrations with phosphate in 
excised roots at 0° C. Test solution was 1—10-mM-KH2P0,4, pH 48—52, having 1 mC 
per L P®, corresponding to an activity of 298 arbitrary units. 


ee. Activity per g. root (arbitrary units) for concns. of Mean A. F. S. 9 
1 mM 3 mM 6 mM 10 mM 
0.25 88.8 81.5 89.7 94.2 29.8 + 1.8 
0.50 93.5 102.0 105.3 95.9 33.3 + 1.6 
1.0 90.9 106.2 104.9 93.7 
1.5 — 104.6 110.7 101.9 
2.0 116.0 100.2 123.0 103.7 


physical equilibration would be complete in 15 minutes at 0°. The values 
at 30 minutes correspond to an A.F.S. of 33.3 + 1.6 per cent. 


Discussion 


In Table 5 the values for the A.F.S. of wheat roots obtained by the four 
methods are summarised. Considered together, they support the view of 
Hope and Stevens (15) that a certain volume of the root constitutes a space 
into which ions may readily diffuse. The assumptions involved in each and 
all the methods will now be considered. 

It might be supposed that some accumulation to vacuoles had been inter- 
preted as passive influx in the author’s experiments. Facts arguing against 
this are: 

a) In Method 1 the extrapolations are made upon the assumption that 
the rate of accumulation is constant over the short experimental time. Too 
high values would be obtained if there were metabolic uptake at a higher 
rate over the first 20 minutes. In carrot disks (Robertson and Turner, 30) 
the salt respiration increases over 20 minutes to its initial level. Lundegardh 
(22) observed an induction period of 35 minutes in the uptake of 0.5 mM- 
KCl by wheat roots before the maximum rate of uptake was reached; 
cationic exchange complicated the conductiometrical measurement initially. 


Table 5. Summary of the AF-S. values obtained by the four different methods. 


Number of individual 0 
Method determinations Mean A. F. S. 0 
E Chloride, time differentiation _....-------- 4 24.5 + 2.6 
2. Chloride, DNP inhibition ........-.....---- 7 33.7 + 3.1 
3. Mannitol, exodiftusion...........--..--------- 11 24.3 + 3.0 
4. Phosphate, isotope exchange. N 4 33.3 + 1.6 | 
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Thus the available evidence suggests that the extrapolations would give low 
rather than high results. The agreement between the two extrapolations 
supports the idea that there are no complicating effects. 

b) In Method 2, an attempt was made to use the DNP concentration which 
almost completely inhibited chloride accumulation, but which had minimal 
injurious effects on cell structure. The degree of inhibition obtained is seen 
best in Figure 2 where most points were determined; differentiation of the 
two phases of uptake seems to have been complete. A technical improvement 
would be to shorten the experimental time to 1—2 hours. It is thought that 
the consistently higher values obtained for the A.F.S. to chloride by this 
method, as compared with Method 1, are due not to a degree of accumulation 
to the vacuoles but rather to a change in the A.F.S. itself induced by DNP. 
Of course some diffusion of chloride into the vacuoles might be expected 
to occur at a rate equal to the observed rate of back-diffusion of chloride 
from the vacuoles of normal plants; this may explain why an extrapolation 
to zero time was necessary in Figure 2. 

c) Burstrôm (5), in a study of the effect of mannitol solutions on the 
growth of roots of whole wheat plants, observed that the elastic extension 
observed on transferring the roots to water was not completely reversible 
after a further 15 hours in mannitol. This was interpreted as possibly 
indicating a slow uptake of mannitol to the vacuoles. In the short-time 
experiments performed here, exodiffusion of the small amount of mannitol 
which might have been accumulated during the 4 hours’ equilibration is 
likely to be a small effect. 

d) Metabolic uptake of phosphate in Method 4 has obviously been well 
retarded relative to physical equilibration by operation at 0°. Further experi- 
ments with this technique are necessary before attaching any significance 
to the higher value obtained for the A.F.S. to phosphate. 

It is possible that Methods 2 and 4 measure the movement of ions to 
additional parts of the root not measured in Methods 1 and 3. Further work 
on this aspect is projected. 

It is important to consider whether the observed rates of initial equilibra- 
tion are in agreement with the known velocities of diffusion. As a first 
approach we may regard the root as an infinitely long column of water and 
calculate the concentrations of solute at different distances into the roots 
using the Stefan-Svedberg equation (35): 


ef 2 fes) where y = À 
Zr Vene. v2 Dt 
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Figure 5. The variation of the con- 
centration ratio cle, with time, t, for 
different distances, x cm. 


Here D is the diffusion coefficient, c, the external concentration and c the 
concentration at time t and distance x in from the root surface. In Figure 5 
the ratio c/c, for different times and values of x has been calculated for 
30 mM-KCl at 20° C. D has been taken as 6.12X10-? cm? per hr. as an 
extrapolation of the available data (from »International Critical Tables»). 
It is seen that internal concentrations over the first hour are markedly 
dependent on x for values of the latter between 0.25 and 2 mm. 

Wheat roots have a mean radius of 0.25 mm. Figure 5 shows that for 
a volume of water of the same dimensions diffusion to the centre would be 
complete in 15—20 minutes. The thickness factor is of primary importance; 
if c is constant t is proportional to x?. Application of this reasoning directly 
to the root obviously introduces several uncertainties. The diffusion coeffi- 
cients will differ in solutions of mixed electrolytes. The uptake of water 
should promote passive ion influx. Plasma streaming would equalise con- 
centrations within cells and so hasten transport. Contact exchange effects 
may promote transport, especially the movement of cations along the 
hydrophilic, acidic protopectin matrix of the cell walls (Jenny and Overstreet, 
18, Jenny 17). Morphological barriers may obstruct diffusion, particularly at 
the endodermis; Lundegärdh (23) points out that in wheat lignification is 
not completed until 40 mm. from the root tip while Prevot and Steward (28) 
localise complete suberization at the same level in barley roots. We may at 
least conclude that the observed rate of initial equilibration is consistent with 
transport by simple or activated diffusion and that in wheat roots equilibra- 
tion to the innermost regions would be possible within 15—20 minutes at 
room temperature if no morphological barriers were present. 

The A.F.S. values reported here are much higher than those found by 


630 G. W. BUTLER 


Hope and Stevens (15) for bean root tips (13 per cent) and by Hylmö (16) 
for the roots of 20-day-old whole pea plants (8 to 9 per cent). It is not 
probable that divergent results could be obtained in different laboratories 
because of differences in technique. Some variation might occur in the 
determination of the amount of solute adsorbed on external surfaces of 
the root. Hylmô and the author have both removed this surface moisture 
by dabbing the roots with filter-paper or by centrifuging and have then 
made analyses on the roots. Hope and Stevens followed the uptake conductio- 
metrically — initial concentration of ions to the electrical double layer 
at external phase boundaries would therefore be reckoned as _ uptake. 
Probably this methodological difference is of 1.6 importance. 

The root thickness may be a determining factor, since it is possible that 
physical equilibration within the innermost régions of the bean root tips 
(radius 1 mm.) and pea roots (radius ca. 2 mm.) did not occur within the 
experimental times used (cf. Figure 5). Thus Hylmö found that chloride 
retention in the roots increased with increasing water transport suggesting 
that the rate of chloride influx to the innermost cells was limiting. The fact 
that the AFS. values at present available are inversely related to the root 
thickness is indicative of the possible significance of this factor, although 
differences in anatomical structure preclude direct comparison. 

For a number of reasons, the most likely hypothesis for the A.F.S. is 
to regard it as being situated in the cell walls and cytoplasm. The evidence 
for this will now be examined, paying attentio to the probable volumes of 
walls and cytoplasm in the root, to current theories of plasma structure and 
to probable values of the partition coefficients for different solutes between 
external solution, wall fluid and plasma. 

The possible role of cell walls in the movement of salts and water through 
the plants has recently been reviewed by Hylmö (16). Accurate computation 
of the cell wall volume is difficult, mainly owing to its variable thickness. 
Thus Lundegardh (21) states that the cellulose wall of the epidermis and 
root hairs of wheat is 0.1—3 u thick. Frey-Wyssling (8) gives a value of 0.5 u 
for the wall thickness of root hairs. Making use of the measurements of 
Raudvere (29) of cell lengths of Avena roots and:of the data of Lundegärdh 
(23) for the relative cross-sectional areas of cortex and stele in the wheat 
root, the approximate wall volume to be expected for an assumed wall 
thickness was calculated. Thus for the cortex, if the cells are treated as 
hexagonal prisms of length 200 u and side 20 u with a total wall thickness 
of 1 pu, it may be calculated that for an average number of 130 cells per 

- cross-section the wall volume is 4.5 per cent of the total root volume. The 
50—60 epidermal cells of about the same cell length but smaller cross- 
section would contribute 1.5 per cent, not considering root-hairs. The cell 
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walls of the stele (which, excluding the central vessel, constitutes 12 per cent 
of the total area) are much thicker and the cells are smaller in cross-section. 
The stelar wall volume is estimated to be,5—6 per cent of the total root 
volume. 

Intercellular spaces might contribute to the A.F.S. — Hope and Stevens 
(15) found a volume of 7 per cent for the mean intercellular space of 5 mm. 
bean root tips from observations on sections, but most or all of the spaces 
were filled with air. With prolonged water culture, however, cortical inter- 
cellularies may be partially injected with water giving a translucent appear- 
ance (Prevot and Steward, 28). The extent of this has not been determined 
for the author’s material. 

Thus at least 15 per cenk:of the total root volume may be considered to 
be filled with extracellular fluid in wheat roots. Hope and Stevens calculated 
3 per cent for the wall volume in their material; primary walls of meriste- 
matic cells of root tips may! be expected to be very thin, but their method 
of calculation is highly speculative. The volume of cytoplasm in wheat roots 
can confidently be judged to:be less than the wall volume, perhaps 5 per cent, 
since in mature cortical and epidermal cells the cytoplasm forms a layer 
thinner than the cell walls. In root tips the high proportion of cytoplasm-rich 
meristematic cells could lead to a relatively higher figure, as suggested by 
Hope and Stevens. 

It is relevant here io consider other evidence for the relative resistances 
to ionic diffusion of the tonoplast and outer surface of the cytoplasm re- 
spectively. That there is a high resistance to ionic diffusion somewhere in the 
plasma is undisputed. Rober ison et al. (32) showed that there is a high 
resistance to back- dif ‘sion in carrot cells even when the accumulatory 
mechanism is inhibited. The; present view is to regard the outer surface of 
the cytoplasm as a p::‘einiframework of greater density than the inner 
cytoplasm with a consi@erahie lipid content (Frey-Wyssling, 9). Because of 
the paucity of our knc-: edge of ionic concentrations within the protoplasm 
of plant cells, however, thersesistance offered by the outer surface is the 
subject of controversy. Uniyiin giant algal cells have the ionic contents of 
the protoplasm been measwred directly, but the evidence is conflicting. 
Thus Holm-Jensen, Krogh, sad Wartiovaara (12) found that Na* and K* 
were evenly distribute« between protoplasm and vacuoles in Nitella and 
Tolypellopsis and therefore ivcalised the high diffusion resistance to the 
outer surface. Using essentially the same technique on Nitella, Brooks (2) 
found that the accumulation of K*, Na*, and Rb* took place rapidly to 
the protoplasm but more slowly to the vacuolar sap. Hoagland and Broyer 
(11) found similarly. The discrepancy between results of different workers 
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may be due to the difficulty of avoiding contamination of the cell residue 
by external solution or vacuolar sap. 

Lundegardh (20) showed that the wheat root behaved as a hydrogen 
electrode in solutions of pure acids, while in salt solutions exchange of cations 
for H* ions caused changes in potential. He regards the cations as being 
adsorbed to postulated free negative valencies in a monolayer having a high 
diffusion resistance. Hope (14) and Hope and Stevens (15) have substantiated 
and extended this work, but consider that the potentials arise from differential 
mobility of anions and cations in the protoplasmic phase of epidermal cells. 
They incline to the view — suggested previously by several workers — 
that the protoplasm contains a bulk distribution of negative immobile ions 
rather then a monolayer. 

This idea has recently been developed by Ling (19) into a comprehensive 
theory for the explanation of selective ionic accumulation in frog muscle 
cells. Briefly, he regards ions as being adsorbed on labile fixed charges on 
the plasma proteins. On purely physicochemical grounds, potassium is 
selectively adsorbed relative to sodium because of the smaller radius of the 
hydrated potassium ion. ATP is believed capable of being strongly adsorbed 
to proteins, causing unfolding of the protein chains and increasing the number 
of available fixed charges. The level of labile phosphate therefore controls 
the plasma ionic concentrations. More data on concentrations of ions and 
organic phosphates in the protoplasm of plant cells are required before 
considering the applicability of this theory; a special accumulatory mechan- 
ism would still need to be localised in the tonoplasts. Supporting evidence 
for the existence of a suitable ionic structure is, however, to be found in 
the fact that the interior of the plasma appears negative to the outside 
and that bulky anions such as nucleotides exude from the roots (Lundegardh 
and Stenlid, 25). 

Passage across the cell wall and outer surface of the protoplasm might 
become the rate-limiting factor at very low ion concentrations (van den 
Honert, 13) but this need not be due to any specific property of the outer 
surface. Gessner and Kaukal (10) found that phosphate over a concentration 
range of 0.2—1.6 uM per |. was taken up over periods of 4 hours by Elodea 
and Myriophyllum leaves in a manner strictly proportional to the concentra- 
tion. Arisz (1) has reported that chloride transport in the symplasm of 
Vallisneria leaves was inhibited by cyanide, while DNP inhibited vacuolar 
accumulation but not transport. He concludes that there is a cyanide-sensitive 
regulating factor at the outer surface of the cytoplasm. It would therefore 
seem desirable to determine the A.F.S. of cytoplasm-rich material in the 
presence of cyanide and DNP respectively, using the technique of Method 2. 

Of course, A.F.S. values cannot be directly equated with real volumes 
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within the root, because the partition coefficient for any solute between 
external solution and the bulk phase(s) within the A.F.S. is probably not 
unity. Adsorption to fixed charge systems could increase the A.F.S. relative 
to the »true free space». This effect would not be expected for anions within 
cell walls because the pectates and cellulose contain only negatively charged 
groups, but in the plasma amphoteric proteins would adsorb anions to some 
extent also. The number of fixed charges available in the plasma may be 
dependent on the pH (Hope and Stevens, 15) and on protein structure as 
influenced by the labile phosphate level (Ling, 19). 

The presence of an adsorption component in the initial physical equilibra- 
tion should be reflected in decreasing values for the A.F.S. with increasing 
external concentrations. In the experiments described such changes were 
not found for 10—90 mM chloride (Table 1), 10, 20 mM-mannitol (Table 3) 
and 1—10 mM-phosphate (Table 4). This is probably consistent with the 
high cell wall volume of wheat roots; experiments with cytoplasm-rich 
material may well give contrasting results. 

By using material with either a large relative cell wall volume or large 
plasma volume the principles governing movement of different solutes 
through each phase could be further worked out. The relationship between 
ionic movement to the A.F.S. and the mechanism of translocation to the 
shoot might be important. The complete inhibition by DNP of translocation 
to the shoots of chloride (Figure 4) suggests that there is an accumulatory 
or secretory process involved. 

I wish to thank Professor Hans Burstrôm for helpful advice and discussion 
during the course of this work. Discussions with Fil. dr. Bertil Hylmö were also 


most valuable. Financial support came from the New Zealand Department of 
Scientific and Industrial Research and from the Swedish National Research Council. 


Summary 


The »apparent free space» of wheat roots was determined by four in- 
dependent methods, namely by 
1) time differentiation of chloride retention in the root sap, 
2) inhibition of the metabolic accumulation of chloride in the root ceils 
by the use of 2,4-dinitrophenol, 
3) measurement of the exodiffusion of mannitol from roots previously 
equilibrated in mannitol, and 
4) measurement of the physical equilibration of labelled phosphate within 
the roots at 0° C. 
Methods 1 and 3 give a value of 24.5 per cent for the A.F.S., while 
methods 2 and 4 give a value of 33.5 per cent. The basis of each method 
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is discussed, with a consideration of the assumptions made and the errors 
involved. 

In the discussion it is shown that root thickness may be a decisive factor 
in determining the magnitude of the »apparent free space». Calculations 
indicate that the cell walls probably constitute the dominant »free space» in 
wheat roots, Current views on the ways in which plasma and cell wall 
structures influence the movement of ions are reviewed. 

Translocation to the shoots was completely inhibited in plants treated with 
dinitrophenol. 
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à 


In studies of the mechanism of accumulation of anions by plant roots, 
storage tissue and algae, halides have been employed extensively, because 
they are not utilised by the plant in assimilatory processes. In this way the 
accumulatory mechanism was dissociated from other phases of cellular meta- 
bolism. The designing of the experiments and the chemical analyses were 
also straightforward, since the material could be halide-free initially. It then 
becomes necessary, however, to see how far the conclusions arrived at from 
the use of anions which are metabolically inert are applicable to the physio- 
logically important anions nitrate, phosphate and sulphate, where accu- 
mulatory and assimilatory processes perhaps run a common path to some 
extent. Thus Albaum (1) and Helder (14) have concluded from their experi- 
ments that the accumulation of phosphate ions in plant cells is achieved by 
the phosphorylation of a »carrier» substance. If this were the case, the uptake 
of phosphate might be expected to be controlled by certain specific factors 
differing from those for the halides. Stumpf (40) has recently reviewed the 
state of research regarding the assimilation of phosphate. 

This paper is concerned with the mechanism of uptake of phosphate by 
yourig wheat roots. To this end the effects of different classes of inhibitors 
and of variation of physiological factors have been studied. By the use of 
P°?, the uptake and leakage of phosphate have been simultaneously in- 
vestigated. 

1 Address after Dec. 10, 1953: Grasslands Division, D.S.I.R., Palmerston North, New 
Zealand. 
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Method 


The experimental material was 4 or 5-day-old wheat roots (variety Weibull’s 
»Eroica»), cultivated by two main methods. In the first, the seeds were germinated 
in Petri dishes on moist filter-paper in the dark for 2 days at 25° C, then planted 
out on to paraffined cork holders and grown in aerated nutrient solution for 4 to 
5 days in a photo-thermostat at 22.5°. In the second method, which required much 
less manual labour, the seeds were spread out on a cloth net stretched tightly over a 
shallow dish containing distilled water. Cotton gauze covered the seeds and dipped 
down into the water on all sides so that moist conditions were ensured for germina- 
tion. After 2 days in the dark the gauze was removed and after 3 days the dish was 
placed in a photo-thermostat for 4 days, the distilled water being replaced by aerated 
nutrient solution. In initial experiments, a stainless steel net was employed instead 
of the cloth net, but the root system sometimes appeared abnormal with stunted 
thickened primary roots and a greater tendency to lateral formation. This was 
ascribed to metallic poisoning (cf. Epstein and Hagen, 12). Normally, the roots 
appeared absolutely white with long primary roots and luxuriant root-hair growth. 
The same nutrient solution was used as in previous experiments (Butler, 8). In 
some experiments saturated calcium sulphate solution was used instead to promote 
subsequent phosphate absorption; the roots then appeared shorter and thicker with 
very dense root-hair growth due to retardation of cell elongation. In two experi- 
ments KH,PO, was omitted from the nutrient solution for the same purpose; the 
roots were long and slender with less root-hair growth than under normal nutrient 
conditions. 

For the absorption experiments excised roots, totally immersed in the test solution, 
were generally used. Intact plants and decapitated plants with the endosperm still 
present (leaves excised) were also investigated in a few cases. The test solution 
generally consisted of 3 mM-KH,PO,, 0.5 mM-CaCl,, adjusted to pH 5.5—5.6 with 
KOH. Ca** ions were present in order to ensure the preservation of protoplasmic 
surfaces in their normal condition in the unbalanced solution. P3? (obtained from 
the Atomic Energy Research Establishment, Harwell) was added as orthophosphoric 
acid to this solution at a concentration of 0.5—1.0 mC. per 1. Calculation shows 
that the highest level reached in the roots was 5 uC. per g. which is 10—20 times 
below the level in plant tissue where cytological disturbances and growth irregu- 
larities caused by the f-radiation of P?? have been observed (Mackie et al., 25, 
Russell and Martin, 31, Virgin and Ehrenberg, 42). The maximum dosage received 
by the roots in any experiment was 45 e.r., but the dosage was generally confined 
between the limits 5—20 e.r. Microscopic examination invariably revealed active 
plasma streaming in root-hairs and epidermal and calyptral cells when the roots 
were in this solution. In a few experiments a balanced nutrient solution in which 
the concentration of KH,PO, had been increased to 3 mM was employed, with no 
observable differences being found in the results. Although phosphate is readily 
adsorbed on to glass from solutiors of pH 5 or above, significant errors from this 
cause arise only in phosphate solutions less than 10-5 M (Martin and Russell, 26). 

For absorption experiments with excised roots, 100 ml. portions of test solution 
were placed in 250 ml. conical flasks. About 1 g. roots were excised, allowed to 
drain briefly from nutrient solution and placed in the test solution for a known 
time at a constant temperature of 22.5° C and with forced aeration. Since the ratio 
of roots to test solution was about 1 to 100, insignificant changes in concentration 
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of the solution occurred during the absorption period. Experiments with intact and 
decapitated plants were conducted in an analogous manner, the plants being trans- 
ferred on their cork holders to beakers containing the radioactive test solution. After 
the desired absorption time had elapsed, a few roots were randomly selected for 
subsequent microscopic observation; particular attention was paid to the intensity 
of protoplasmic streaming, extent of granulation of the plasma and integrity of 
membranes and bounding surfaces in young root-hairs, epidermal cells and calyptral 
cells. 

The remainder of the roots were freed from surface moisture by pressing rather 
firmly between sheets of filter-paper. After rapidly determining the root fresh weight 
in a tared crucible, 3 ml. of 40 per cent magnesium acetate solution was added and 
evaporated to dryness on a water-bath. The roots were slowly charred on a hot-plate 
and then transferred to a muffle furnace for 2 hours with the temperature slowly 
rising from 300° to 550° C. 2 ml. 5.5 N HCI was added dropwise to the cold ash 
and evaporated on a water-bath. The ash was dissolved in warm 0.5 N HCl, cooled 
and the solution filtered and made to 50 ml. 

For counting the radioactivity, the liquid-counting technique was employed, a 
trace of Tween 20 being added to reduce surface tension effects. The count was 
made at least 1 hour after pipetting into the calibrated glass dishes, since the value 
obtained increased slightly with time over the first hour, probably due to a surface 
phenomenon, (cf. Carroll et al., 10). Counting was made in duplicate to at least 
7,000 counts, using a standard end-window Geiger-Muller tube with scaler. The 
statistical error for a single count at this level is 3 per cent. 

Total phosphate was determined by the molybdate blue method of Scheel (33). 

A disadvantage of the technique was that since the fresh weight was only deter- 
mined at the end of the experiment no direct measure could be made of growth 
in the presence of 0.05 M glucose or for decapitated plants. Possible water fluxes 
induced by the inhibitors used could not be detected. The relative specific activity 
data are independent of the weight factor. Growth is indirectly allowed for in the 
total phosphate figures by the construction of time-curves for unit weight of roots. 
Any attempt to determine the fresh weight initially would have damaged the root- 
hairs. 

Errors 

The experimental procedure is self-checking. The sources and degrees of error 

are as follows: — 


a) Fresh weight determination involves a 2 per cent error, cancelling out in the 
relative activity data, but present in the total phosphate data. The drying of the roots 
between paper is very reproducible; this aspect of the technique was thoroughly 
tested in earlier work (Butler, 8, 9). 

b) Pipetting errors, 1 per cent. 

c) Total phosphate determination, 2 per cent. 

d) Counting done in duplicate, 2 per cent. 

e) Biological variability. Roots from about 28 plants, randomly selected, were 
used in each test. Experiments where the time-curves were each drawn through 
5—6 individual points indicated that the error due to biological variability was of 
the same order as the above errors, probably at the 2 per cent level. 


The maximum error for both total phosphate and relative specific activity is 
therefore +2—3 per cent. Because the total phosphate analyses involve the measure- 
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ment of small differences in large total amounts, this error becomes relatively im- 
portant and has been shown for each determination in the time curves (reckoned at 
+2 1/2 per cent). 


Experiments 


The various experiments on the influence of different physiological fac- 
tors and classes of inhibitors on the rate of uptake of phosphate and on the 
changes in total phosphate will be presented and discussed in turn. 


Effect of nutrient status and external sugar supply 


Several of the experiments were carried out with plants which were 
initially in a good state of phosphate nutrition; in some cases, however, the 
plants had received a) suboptimal amounts of nutrient solution or b) nutrient 
solution lacking KH,PO, or c) saturated CaSO, solution during the 4—5 day 
cultivation period. In Table 1 a representative group of experiments has been 
assembled to show the relationship between the net uptake of phosphate and 
the observed activity in the roots for plants of differing initial phosphate 
status. The individual experiments differ in the nutrition during cultivation, 
in the presence or absence of endosperms and in the presence or absence 
of 0.05 M glucose in the test solution. The activity per umol P in the external 
solution was equated with 100 empirical activity units and the activity to be 
expected if there had been no leakage or physical exchange was calculated. 
The ratio of calculated to observed activities (designated the retention ratio) 
is an index of the degree of retention within the roots of phosphate taken 
up by physical and chemical mechanisms. 

Quite a coherent overall picture emerges. The initial phosphate levels fall 
into two groups, one at 9——-12 pmol P per g. fresh weight comprising those 
plants which had received no phosphate during cultivation and the other at 
18.5—29.4 umol P per g. fresh weight consisting of plants which had received 
balanced nutrient solution. A difference in the net uptake figures of the latter 
group was observable according as to whether the nutrient solution was or 
was not renewed during the 4—5 day cultivation period (designated »good» 
and »moderate» nutrition respectively). The error involved in the net uptake 
figures is large, +0.3—0.7 umol P. It is, however, clear that the greatest 
net uptake occurred with low phosphate roots, as is to be expected. Excised 
roots in good phosphate status showed very slight net uptake or leakage in 
the absence of glucose (Expts. 4, 5 and 6). Helder (14) found similarly that 
high-phosphate maize plants could be induced to lose phosphate to phos- 
phate test solutions. Glucose appeared to cause increased net uptake (Expts. 
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Table 1. The degree of retention of absorbed labelled phosphate as influenced by nutrient 
j status. 


11 


—— 


Expt.|Phosphate nutrition 
Roots+endosperms 
1 | Good 
2 | Good 
Poor, phosphate- 
3 | free nutrient 
solution. 
Excised roots 
4 | Good 
5 |Good 
6 |Good 
7 | Good 
8 | Moderate 
Poor, phosphate- 
9 <| free nutrient 
. \ solution. 
Poor, phosphate- 
10 | free nutrient 


solution. 


Poor, phosphate- 
free nutrient 
solution. 


Poor, CaSO, solu- 
tion. 


Excised roots+ 
+0.05 M glucose’ 


Good 


LM P per 


Initial 
level, 


g. F. W. 


26.2 
21.3 


Time, 
hours 


Net 
uptake 
1M P 


EO SS SOS 
CMO NO Er Co 1 


Be Lie | ro NES 
PHO Om pi uno woo 


Activity (arbitrary 
units per g. root) 


Retention ratio 


—————"— EEE 


Calculated | Observed 

70 553 
380 1015 
350 1280 
80 698 
160 805 
120 882 
290 350 
250 405 
680 737 
100 369 
90 430 
30 462 
— 90 259 
20 324 
130 413 
— 320 313 
— 440 432 
210 707 
110 795 
100 965 
150 550 
320 710 
440 816 
170 277 
350 502 
300 339 
290 495 
550 705 
260 285 
300 344 
420 515 
500 658 
0 369 
210 575 
150 630 
320 735 
380 783 
260 332 
360 583 


Individual 


Mean 
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Initial Activity (arbitrar 5 
: Net AXE Y | Retention ratio 
Expt.|/Phosphate nutrition lever amie: uptake| units per g. root) 
uM P per | hours M P 
g. F. W. pe Calculated | Observed | Individual | Mean 
Latest et. EWEERINBE PEI UNE Fare gg eee ee ee 
2.45 | 3.9 390 | 463 0.84 
3.02 | 2.0 200 535 0.37 
4.22 | 4.8 480 678 0.71 
14 | Moderate 23.0 5.27 37 370 735 0 50 0.57 
5.95 | 2.7 270 737 0.37 
| 6.20 | 5.2 520 810 0.64 
| 1.82 | 3.0 300 411 0.73 | 
5.42 | 3.2 320 655 0.49 
15 | Moderate “wi! 7 40 25 950 712 0 35 Ts" 
8.20 | 3.8 380 815 0.47 
f| Poor, phosphate- \ f 1.98 | 1.8 180 250 0.72 \ 
16 | free nutrient 11.6 4.08 | 3.4 340 446 0.76 0.70 
}| solution. f \ 5.93 | 4.1 410 660 0.6 | 
{ 2.00 | 0 0 352 0 | 
f| Poor, CaSO, solu- |\ 4.07 2.5 250 547 0.46 ‘ 
17 | tion f “wee 5.23 | 26 260 669 0.39 I 
6.50 | 3.8 380 755 0.50 


13, 14, and 15). With CaSO,-treated plants (Expts. 12 and 17) there appeared 
to be a lag period before net absorption of phosphate began. 

The observed activities are invariably somewhat higher than those cal- 
culated from the net uptake figures — the differences are highly significant 
usually greatly exceeding the error of +50 expected in the figures for the 
calculated activities. The consistently higher figures are due to two causes: — 

a) Allowance has not been made for physical exchange between labelled 
phosphate and inactive phosphate within the roots. Initially, there will be a 
rapid adjustment of diffusion and exchange equilibria within the »apparent 
free space» followed by a slow steady exchange. 

b) A leakage or back-diffusion of phosphate is simultaneously occurring. 
This results in an increasing degree of recirculation of the label with in- 
creasing experimental times. 

The closer the retention ratio approaches to unity, the greater is the degree 
of retention of phosphate taken up. The highest ratios (0.66—0.84) are 
obtained for plants reared in phosphate-free medium, the ratio increasing 
steadily as the initial phosphate level decreases (Expts. 9, 10 and 11). For 
Expt. 11, the retention ratio is close to the theoretical value of unity at 1.50 
hours (0.91), the remaining 9 per cent being ascribable to equilibration within 
the »apparent free space»; with increasing times the retention ratio decreased 
probably because of circulation of the label by leakage. The roots from 
CaSO, solution gave a lower ratio correlated with the slower rate of uptake 
and possibly due to a lack of necessary metabolites arising from a deficiency 
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A. ROOTS+ENDOSPERNS B. EXCISED ROOTS . EXCISED ROOTS +GLUCOSE: 


RELATIVE SPECIFIC ACTIVITY / pmol. TOTAL P 


TIME (HOURS) 


Figure 1. The relationship between changes with time of the relative specific activity per 
unit total root phosphate and the nutrient status of the roots. The numbering of the 
experiments is the same as for Table 1. 


of other ions. The lowest values were obtained for roots initially in good 
phosphate status, both excised and with endosperms; especially in the latter 
case (Expts. 1 and 2) the turnover seems to have greatly exceeded retention. 
The presence of 0.05 M glucose led to a higher retention ratio for plants 
having »good» or »moderate» nutrition (Expts. 13, 14 and 15). With phos- 
phate-free nutrient solution (Expt. 16) or CaSO, solution (Expt. 17) there 
was no significant increase accompanying glucose addition. 

Another method of presenting the results is shown in Figure 1 A, B and C 
where time curves of the percentage activity per umol total root P relative 
to the test solution are presented for the control plants of the same experi- 
ments. The numbering in this and the following figures is the same as in 
Table 1. For the three experiments performed with roots+endosperms, the 
values for the percentage activity per unit phosphate were high, even when 
the phosphate nutrition during cultivation had been optimal (Expts. 1, 2). 
This suggests that there is a greater turnover of phosphate when endosperms 
are present, possibly due to root-endosperm fluxes of phosphate or to the 
provision of required phosphate-acceptors by the endosperm. Since the high 
activity is associated with a low retention ratio, the former explanation is 
more likely to be correct. With excised roots (Figure 1 B), the curves for 
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»good» phosphate status (Expts. 4—7) are parallel, with a low gradient. As 
the initial phosphate status is varied from »moderate» (Expt. 8) to »poor» 
(Expts. 9—12), there is a progressive increase in the gradient. The presence 
of 0.05 M glucose (Figure 4C) did not markedly affect the gradients, the 
initial phosphate status being still the dominant factor. No sugar analyses 
were performed, but it appears that the carbohydrate supply did not influence 
uptake by the roots but influenced net retention by high-phosphate roots. 


The majority of the curves converge towards the region 8—16 per cent 
activity per unit P at zero time. The diffusion of labelled phosphate into the 
»apparent free space» (found to be 33 per cent for phosphate, Butler, 9) 
would be expected to account for 3 to 9 per cent of the activity for the high- 
and low-phosphate plants respectively. The remainder of the initial increase 
in activity may be due to a faster rate of uptake by metabolic processes at 
the beginning. Detailed curves are required to elucidate this point. 


The large divergence of curves 2 and 7 from the others is inexplicable and 
probably due to internal experimental error, particularly as both experiments 
were performed with the same plant group. 


Effect of pH 


This has especial interest because within the physiological pH-range 5.0— 
7.0 the monovalent H,PO,~ ion is replaced to the extent of 66 per cent by 
the divalent HPO,—~— ion. Also changes in the amount of anion exchange by 
physical and metabolic mechanisms between plasma and medium might be 
expected to accompany variation of the medium’s pH. 


In Figure 2 the results of two experiments are shown where the uptake of 
phosphate from solutions of initial pH 5.5 and 6.9 respectively are compared 
in the presence and absence of 0.05 M glucose. The pH values remained 
sensibly constant during the experiments for all treatments except pH 5.5 
in Expt. 15 where there was a decline to pH 4.0 over 6 hours. Acidification 
of the solution from pH 5.5 to 4.0 was observed in several experiments where 
glucose was present but the cause is unknown. A normal appearance of the 
roots was revealed by microscopical examination at all stages of the experi- 
ments. It will be seen (Figure 2 A and B) that there are no significant dif- 
ferences in the rate of incorporation of P*? into the total phosphate of the 
roots. The curves for changes in total phosphate (Figure 2 C and D) indicate 
no marked alterations, as is to be expected since the plants were initially in 
good phosphate status. In both experiments slightly lower values for total 
phosphate were found at pH 6.5 than at 5.5. 


An endeavour to construct a time curve for pH 4.5 failed because of 
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Figure 2. The influence of the pH of the test solution on the incorporation of labelled ortho- 

phosphate into the total root phosphate and on the level of root phosphate. Expt. 4: roots 

in good state of phosphate nutrition. Expt. 15: roots in moderate state of phosphate nutri- 

tion; 0.05 M glucose present in the test solution. Diacritic symbols: crosses, initial pH of 
test solution 5.5; circles, initial pH of test solution 6.9. 


extensive plasmoptysis of the root-hairs on abrupt transference of, the roots 
from nutrient solution (pH 5.5—6.0) to test solution. With such rupture 
quite other exchange relations appeared to obtain, but the effect was not 
further investigated. 

It appears that with undamaged roots the rates of metabolic absorption 
and physical exchange of phosphate are independent of pH at this concentra- 
tion level, but there may be a rapid re-equilibration of inorganic phosphate 
within the »apparent free space» dependent on a change in the balance of 
fixed charges on amphoteric proteins and weakly dissociated groups, as 
suggested by Hope and Stevens (19). The lower level of phosphate observed 
at the higher pH is consistent with this idea. In a study of the absorption 
of phosphate from 1X10-° to 3X10—° M solutions by sugar-cane, van den 
Honert (17, 18) showed that the uptake varied in a parallel manner to the 
concentration of H,PO,— ions and concluded that HPO, — ions could not be 
absorbed. At such low concentrations the rate of adsorption of ions to exterior 
surfaces of the roots is the rate-limiting factor. With higher phosphate con- 
centrations van den Honert found that the pH curves approached one another 
asymptotically, because sufficient H,PO, ions become available to saturate 
the adsorbing surfaces. This is apparently the case in the author’s experi- 
ments; passive influx into the »apparent free space» also becomes important 
relative to metabolic absorption at such concentrations, 
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Effect of temperature 


The relative importance of physico-chemical and metabolic processes for 
the uptake of phosphate might be assessed by investigating the dependence 
of the uptake on temperature. In Figure 3 A and C are presented the results 
of Expt. 11 (cf. Table 1) where excised roots which had been reared in 
phosphate-free nutrient solution were placed in samples of test solution al 
temperatures of 0° and 23° C respectively. The roots used at the lower tem- 
perature were slowly chilled in nutrient solution prior to the experiment to 
obviate structural damage from sudden temperature changes. The tempera- 
ture coefficients of the relative activity curves (Figure 3 A) for the dif- 
ference in temperature of 23° are 2.00, 2.32 and 2.68 at 2, 4 and 6 hours 
respectively. The corresponding temperature coefficients for the net uptake 
of phosphate (Figure 3 C) are 9, 8 and 7. The gradient of the activity curve 
is reduced 3.3 times by lowering the temperature 23°. 

The Q,, values of ca. 8 for net phosphate uptake are in accordance with 
the expectation that metabolic accumulatory and assimilatory processes are 
determining the level of total phosphate within these low-phosphate roots 
during the experiment. On the other hand, the temperature coefficients for 
the activity curves lie within the range expected for a mixture of physical 
and metabolic processes. Q,, for diffusion processes is 1.2—1.3 so that Q.3 
would be 1.5—1.8; physical exchange should show a similar temperature 
dependence. The form of the activity curve at 0° is similar to that obtained 
by Overstreet and Jacobson (27) for P*O, absorption without inert carrier 
by apical root segments of barley over 30 minutes at 0°. Since metabolic 
activity is low in the region of 0° (Broyer and Overstreet, 7) but demonstrable 
(Broyer, 6), the curve may be interpreted to be the resultant of an initial 
inward movement of phosphate to the »apparent free space» of the roots, 
a slow exchange reaction across a high diffusion resistance (probably the 
tonoplasts) proceeding at a constant rate and a very small metabolic com- 
ponent. Support for the idea of a steady slow exchange occurring within the 
root at 0° is given by the value of 3.3 for the ratio of the gradients of the 
activity curves, as compared with the temperature coefficient of 8 for the 
net phosphate uptake. The mean retention ratio of 0.84 obtained for the 
control plants in this experiment (Table 1) indicates that there has been 
little recirculation of the label in this low-phosphate material. 

Kramer and Wiebe (24) state that the uptake of P®? is about 10 times as 
great at 20° as at 3° C in both barley and pine roots. They used a carrier- 
free test solution and also washed the roots in distilled water and 0.01 N 
H;PO, before determining the activity; both these procedures tend to 
eliminate physicochemical mechanisms by ensuring a low concentration of 
phosphate in the »apparent free space», so that the temperature coefficient 
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Figure 3. The influence of temperature on the incorporation of labelled orthophosphate 

into the total root phosphate and on the level of root phosphate. Expt. 11: roots grown 

in nutrient solution lacking KH2PO4. Expt. 4: roots in good state of phosphate nutrition. 

Diacritic symbols: crosses, temperature 22.5°—23° C; circles, temperature 0° C (Expt. 11) 

or 2° C (Expt. 4). In C the symbols have the same magnitude as the error of the phosphate 
determinations. 


measured is that of phosphate assimilation and accumulation into the 
vacuoles. 

In Figure 3 are also shown the results from Expt. 4 where roots initially 
in good phosphate status were-placed in portions of test solution at 2° and 
22.5° C respectively. Despite the fact that the roots barely absorbed phos- 
phate during the experiment (Figure 3 D), the temperature coefficients for 
the two activity curves were 2.40, 2.13 and 2.17 at 2, 4 and 6 hours respec- 
tively i.e. of the same order as observed with phosphate-deficient roots. The 
generally lower relative specific activities per unit total P observed in this 
experiment as compared with Expt. 11 are attributable largely to the dif- 
ferent levels of total phosphate in the two groups of roots. The results of 
this experiment are interpreted to mean that in phosphate-saturated roots 
the incorporation of P?? into the total root phosphate by physical exchange 
and metabolic mechanisms proceeds at a rate comparable with that in phos- 
phorus-deficient roots, but is accompanied by an increased circulation or 
exchange of phosphate back to the external solution. On the evidence so far 
presented, it cannot be decided whether this increased exchange is physical 
exchange, metabolic exchange (through dynamic equilibria) or a combina- 
tion of both. 
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Effect of anaerobiosis 


In two experiments nitrogen was bubbled through the test solution during 
the absorption period. The results are shown in Figure 4; Expt. 13 differed 
from Expt. 4 in that the test solution contained 0.05 M glucose. Both sets 
of roots were initially in a good state of phosphate nutrition (Table 1). 
Traces of oxygen in the nitrogen were removed by preliminary passage of 
the gas through alkaline pyrogallol followed by water-washing; the test 
solutions were equilibrated to nitrogen before commencing the experiment. 
There is a considerably lower rate of incorporation of P*? into the total 
phosphate of the roots (Figure 4 A and B) with a maximum being reached 
after 4 hours followed by a slight decrease between 4 and 6 hours. This 
final decrease in activity must be due to a net loss of phosphate resulting 
from increased leakage of inorganic phosphate or exudation of organic 
phosphates. It is of interest that the Q,, values in Expt. 4 for the aetivity 
curves at 2° under air and at 22° under nitrogen are 1.52 and 1.48 at 2 and 
4 hours respectively, i.e. within the range expected for physical diffusion and 
exchange processes. The protoplasm of roots which had been treated with 
nitrogen presented a singular appearance with many refractile granules 
which soon became immobile. Membranes appeared intact; the cells retained 
turgidity over the first 4 hours, but possibly not from 4 to 6 hours. 


EXPT. 13 


RELATIVE SPECIFIC ACTIVITY /umol. TOTAL P 
TOTAL PHOSPHATE, pmol./g. F.W. 


TIME (HOURS) 


Figure 4. The effect of anaerobic conditions on the incorporation of labelled orthophos- 

phate into the total phosphate of the root and on the level of root phosphate. In both 

experiments the roots were in a good state of phosphate nutrition; 0.05 M glucose was 

present in the test solution in Expt. 13. Diacritic symbols: crosses, control roots; circles, 
roots and test solution in a nitrogen atmosphere. 
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In the absence of glucose the total phosphate of the roots (Figure 4 C) 
showed a decrease of ca. 10 per cent below that of the control after a lag of 
two hours. An uncertainty in these experiments is the importance to be 
attached to the oxygen present initially in the roots in intercellular spaces 
and in solution; it is most probable, however, that complete exodiffusion to 
the oxygen-free test solution would occur within 30 minutes. In the presence 
of glucose it appears that a net uptake of phosphate has occurred (Figure 4 D) 
under anaerobic conditions. These experiments require to be extended using 
roots low in phosphate before the assertion is made that over short periods 
of time some absorption of phosphate is possible under completely anaerobic 
conditions provided the carbohydrate status of the roots is good. For times 
greater than 4 hours, general derangement of the protoplasm appears 
probable from the activity curves. It is significant that over this period 
drastic reductions in the level of total phosphate in the roots do not occur, 
probably ascribable to the high diffusion resistance of the tonoplasts and a 
slow rate of catabolism of organic phosphates. 


Effect of respiratory inhibitors 


In an initial experiment the effect on the uptake of phosphate by decapi- 
tated plants of 10—* M-KCN at pH 6.5 in non-aerated test solutions was 
determined. A strong inhibition of the incorporation of P*? into the total 
phosphate of the roots was found, while the total phosphate content 
remained constant, (Figure 5 A and C). This suggests that while accumula- 
tory and assimilatory processes are strongly inhibited by cyanide, the leakage 
of phosphate is not appreciably affected. 

Four experiments were performed with 10% M sodium diethyldithio- 
carbamate (dieca) at pH 6.6—7.0, in which region it is comparatively stable 
(James and Garton, 22). Aeration of the solution probably ensured that 
traces of H,S and COS formed by the decomposition of dieca were speedily 
removed. Similar inhibitions were obtained regardless of the initial phos- 
phate status or presence or absence of glucose. The results of a typical 
experiment made with roots deficient in phosphate are shown in Figure 5 B 
and D. The roots were stained a light brown colour in the older regions; 
microscopical observation showed that the protoplasm in calyptral cells and 
root-hairs was uniformly granular and motionless, but root tips were not 
blackened and there was no rupture of cells. 

In Figure 5 B the dotted activity curve is that for roots at 0° in the same 
experiment (cf. Figure 3 A). The relative extents to which the difference 
between this curve and the curve for dieca-treated roots is compounded of 
increased physical exchange across the tonoplasts at the higher temperature 
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Figure 5. The effect of respiratory inhibitors on the incorporation of labelled orthophos- 

phate into the total phosphate of the root and on the level of root phosphate. Expt. 1: 

roots plus endosperms used, in a good state of phosphate nutrition. Expt. 11: roots grown 

in nutrient solution lacking KH2PO4. Diacritic symbols: crosses, control roots; open circles, 

10—3 M-KCN in test solution; solid circles, 10—* M dieca in test solution. The dotted curve 

in B is the activity curve found for 0° C. The symbols in D have the same magnitude as 
the error of the phosphate determinations. 


and residual metabolic activity after respiratory inhibition cannot be judged. 
James and Garton (22) have demonstrated that 10—* M dieca inhibits copper 
oxidases completely and cytochrome oxidase to the extent of 25 to 43 per 
cent. In Figure 5 D, the initial increase in the phosphate level of dieca- 
treated roots could be entirely due to movement of phosphate into the 
»apparent free space» of 35 per cent; the subsequent slow increase lies 
within the limits of error of the phosphate analyses, but may indicate a 
slight residual capacity for absorbing phosphate by a mechanism not directly 
coupled to a respiratory chain, (cf. Figure 4 D). 


Effect of phosphorylative inhibitors 


In Figure 6 A and B are presented results from typical experiments on 
the incorporation of P*? into the total root phosphate in the presence of 
various concentrations of 2,4-dinitrophenol (DNP) and sodium arsenite 
respectively. DNP is widely used as an agent for the uncoupling of oxidative 
phosphorylation from respiration (James, 21); arsenite has been shown to 
exert a similar effect (Cross et al., 11), and has been used as a growth 
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Figure 6. The effect of phosphorylative inhibitors on the incorporation of labelled ortho- 

phosphate into the total root phosphate. Expt. 4: roots in good state of phosphate nutri- 

tion—diacritic symbols: crosses, normal roots; open circles, 2X10—% M DNP; solid circles, 

1X10—5 M DNP; triangles, 5x 10—> M DNP; dotted curve, normal roots at 2° C. Expt. 11: 

roots grown in nutrient solution lacking KH2PO4 — diacritic symbols: crosses, normal 

roots; solid circles, 2X10—° M sodium arsenite; triangles, 1X10—4 M sodium arsenite; 
dotted curve, normal roots at 0° C. 


inhibitor by Thimann (40) and others. No results for total phosphate levels 
are given, since for DNP these varied in a random fashion slightly above and 
below the control curves of the 4 experiments performed, while for arsenite 
10 per cent depressions of the total phosphate level were obtained with 
i10-* M arsenite after 4 and 6 hours. The dotted curves in both Figure 6 A 
and B are the curves obtained at 2° and 0° respectively with corresponding 
sets of roots, (Figure 3). 

DNP was used at pH 5.5 at a maximum concentration of 5X10-° M; 
under these conditions the inhibition has previously been shown to be almost 
completely reversible for wheat roots, (Butler, 9). From Figure 6 A it is seen 
that with 2X 105 M and 1 X10—° M DNP there was a stimulated incorpora- 
tion of P?? after a lag period of 4 hours; this may be due to a change in the 
balance of phosphate compounds within the roots following partial uncoup- 
ling of respiration from phosphorylation, with an increased formation of 
component(s) which exchange readily with external inorganic phosphate. 
For 5X10-° M DNP, the curve is similar to those obtained by the use of 
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Figure 7. The effect of phloridzin on the incorporation of labelled orthophosphate into 

the total root phosphate and on the level of root phosphate. Expt. 13: high-phosphate 

roots, 0.05 M glucose in test solution. Diacritic symbols: erosses, normal plants; circles, 
10-3 M phloridzin in test solution. 


respiratory inhibitors or anaerobic conditions; similar results were obtained 
in the presence of 0.05 M glucose. 

Sodium arsenite was used at pH 6.8 at concentrations of 2X10-? M and 
1X10—* M. Microscopic observations showed that at 2X10—° M there was 
active plasma streaming in calyptral cells even after 4 hours’ treatment; but 
at 1X10—* M the plasma was motionless and granular in appearance after 
4 hours. Increasing retardation of the rate of P*? incorporation was found 
with increasing arsenite concentration (Figure 6 B). 

Three experiments were performed with phloridzin, which has been found 
to inhibit phosphate uptake by maize plants (Helder, 14), and phosphate 
transport in Drosera tentacles (Arisz, 3). The mode of inhibition is uncertain, 
but the direct or indirect result is a blocking of the formation of hexose 
phosphate (Shapiro, 37). It may compete with glucose for a phosphorylase 
(Street and Lowe, 39, Helder, 14). At a concentration of 10-? M, small 
granules appeared in the protoplasm followed by cessation of streaming. The 
level of total phosphate was always lower than in the control roots, a typical 
experiment being shown in Figure 7 A and B. 0.05 M glucose was present 
in the test solutions. The inhibition of P*? incorporation (Figure 7 A) 
appears to be overcome with increasing time in the presence of glucose. 
In the absence of the latter the inhibition persisted throughout the experi- 
ment. These results may have a connection with the ameliorating effect of 
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glucose on the inhibition of phosphate uptake by phloridzin observed by 
Helder (14). 


Effect of versene 


Respiratory and phosphorylative inhibitors act by directly blocking cel- 
lular metabolism from sources of aerobic energy; as observed above, their 
use was visibly accompanied by varying degrees of disorganisation of the 
protoplasm. It was thought of interest to study the effect on the rate of P?? 
incorporation into the total root phosphate of the induction of protoplasmic 
disorganisation by the use of an agent which did not directly block the 
energy supply; ethylenediaminetetracetic acid (versene) appeared to be suit- 
able. For the reaction of a divalent metal M** with versene Y~——— 


MEN 


2 


the stability constants expressed as IgKyy-- at 20° using 0.1 N KCI as solvent 
are 14.22, 18.38 and 10.59 for Fe, Cu and Ca respectively (Schwarzenbach 
and Ackermann, 35, Schwarzenbach and Freitag, 36). The work of Ruben 
et al. (29) has emphasised the firm binding of Fe within the porphyrin ring. 
Versene has been used by Slater and Cleland (38) to stabilise oxidative 
phosphorylation in heart muscle sarcosomes by chelation of Ca** ions. 
Using 10—? and 10% M versene at the same root/solution ratios used in the 
other experiments, the author found no effect on the respiration of 1 cm.- 
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Figure 8. The effect of versene on the incorporation of labelled orthophosphate into the 

total root phosphate and on the level of root phosphate. Expt. 14: roots in moderate state 

of phosphate nutrition. Diacritic symbols: crosses, normal roots; open circles, 15X10— M 
versene; solid circles, 9.5X10—% M versene. 
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long root tips respiring in Warburg vessels at a rate of 9 ul. O per hr. per mg. 
dry weight. Microscopic observation of the roots during the isotopic experi- 
ments revealed complete coagulation of the plasma; the indispensability of 
Ca** ions for the maintenance of the protoplasm in a normal condition is 
well known. 


In Figure 8 A and B are shown typical curves for the inhibition of P*? 
incorporation and changes in the total phosphate level induced by 1.5 X10—° M 
and 9.510—° M versene. The form of the activity curves is quite compar- 
able with those obtained earlier with other inhibitors, although the degree 
of inhibition is probably not so complete. There is more scatter in the total 
phosphate curves than usual, but there has definitely been no uptake of 
phosphate at the higher versene concentration. The presence of 0.05 M 
glucose in the test solution did not lead to differing results. 


Effect of indole-acetic acid 


In Figure 9 A and B the results of one of two experiments performed on 
the effects of 10% M indole-acetic acid (IAA) on the incorporation of P*? 
into the total root phosphate and on the phosphate level are presented. The 
gradients of the activity curves (Figure 9 A) are identical; less P??O, entered 
the IAA-treated roots during initial equilibration. In both experiments, how- 
ever, the phosphate level showed the type of fluctuation recorded in Figure 
9B. The presence or absence of 0.05 M glucose did not affect the results. 
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Figure 9. The effect of indole-acetic acid on the incorporation of labelled orthophosphate 

into the total root phosphate and on the level of root phosphate. Expt. 15: roots in a 

moderate state of phosphate nutrition; 0.05 M giucose in test solution. Diacritic symbols: 
crosses, normal roots; circles, 10—5 M IAA. 
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General Discussion 


In devising the above-mentioned experiments, the author has used as a 
working hypothesis the following scheme, shown diagramatically in Figure 10. 
Inorganic phosphate within the »apparent free space» of the roots (con- 
sidered to be situated in the cell walls and plasma, Butler, 9) is in diffusion 
and exchange equilibrium with the external solution. Because of the high 
initial level of the total root phosphate (10—30 umol. per g.) and the 
moderate phosphate concentration of the test solution (3 mM), the amount 
of inorganic phosphate to be expected in the »apparent free space» (33.5 per 
cent) is small in comparison with the total root phosphate, varying from 3 
to 9 per cent of the latter for high- and low-phosphate roots respectively. 
Accumulation across the tonoplasts of inorganic phosphate occurs by con- 
densation of the latter with an unknown »carrier»; the osmotic work might 
be performed across the tonoplasts or within protoplasmic particles such as 
mitochondria. Assimilation. of inorganic phosphate occurs within the plasma; 
there may be several distinct primary phosphorylations of which at least 
one is identical with the »carrier» reaction. The accumulatory and assimila- 
tory processes are all regarded as being reversible. Inorganic phosphate 
within the vacuoles will slowly leak away by an irreversible physical dif- 
fusion. Exchange of phosphate across the tonoplasts without any net change 
of concentration is also possible and must be borne in mind in isotopic 
studies. 

The chemical composition of the total root phosphate is being made the 
subject of a separate study; for the purposes of the present discussion it 
should be stated, however, that the acid-soluble phosphate (as extracted by 
3 successive portions of 5 per cent perchloric acid at 1° C) comprises ca. 80 
per cent of the total phosphate and is itself made up of ca. 60 per cent 
inorganic phosphate, 10 per cent »7-minute» phosphate and ca. 30 per cent 
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difficulty-hydrolysable phosphate. At least 80 per cent of the absorbed DR 
can be extracted as acid-soluble phosphate. It is clear therefore that the 
accumulation of inorganic phosphate within vacuoles is quantitatively an 
important process in wheat roots relative to the assimilation of phosphate. 

In Table 1 it was shown that while the observed influx of labelled phos- 
phate per g. roots appeared to be independent of the previous phosphate 
nutrition of the roots (varying randomly in the different experiments), the 
amount retained bore a direct relation to this factor, i.e. with roots initially 
in a high-phosphate status there was a circulation or exchange of phosphate 
resulting in an increase in radioactivity of the roots to about the same degree 
as for low-phosphate roots. It was not clear to what extent this was due to 
increased physical exchange of inorganic phosphate between roots and solu- 
tion in high-phosphate roots. Expressed on the basis of the relative specific 
activity of the total root phosphate (Figure 1), lower percentages were 
obtained for the high-phosphate roots and increasing gradients were observed 
for the time-curves with decreasing phosphate content. This suggested that 
increased physical exchange had not occurred in high-phosphate roots. 

The magnitude of the physical component was then determined by fol- 
lowing the incorporation of P?? into the roots at 0° (Figure 3). The curve 
was resolvable into initial equilibration within the »apparent free space» 
followed by a slow steady increase believed to be due to a combination of 
residual metabolic activity and slow physical exchange across the tono- 
plasts. Since the magnitude of the »apparent free space» should be in- 
dependent of the temperature if no changes in the constitution of the plasma 
are involved and since physical exchange across tonoplasts should only 
increase 1.5 times with 20° rise in temperature, this curve is thought to 
represent rather closely the physical component of the activity curves at 
22.5° C. The physical component measured at 0—2° C was the same pro- 
portion of the total activity curve at 22.5° C for high- and low-phosphate 
roots. 

The use of anaerobic conditions, respiratory and phosphorylative inhibitors 
and a calcium-chelating agent (versene) at room temperature all resulted 
in depression of the activity curves practically to the level of the physical 
component, both for low- and high-phosphate roots. No experiments have 
yet been made to check whether the »apparent free space» would be altered 
by certain of the inhibitors; Arisz (2) has recently reported that cyanide 
renders the outer surfaces of the cytoplasm of Vallisneria leaves impermeable 
to chloride. At the same time, the level of total phosphate remained either 
constant or only slightly depressed, despite the fact that miscroscopic obser- 
vation showed that the protoplasm was profoundly affected. This is in 
agreement with the observation of Robertson et al. (28) that in carrot disks 
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there is a high resistance to the back-diffusion of ions which is not destroyed 
when the accumulatory mechanism is inhibited; it also indicates that there 
has been no large-scale breakdown or exudation of organic phosphates. 

The evidence from different experiments is therefore in agreement with 
the idea that the metabolic influx of phosphate varied randomly in the dif- 
ferent experiments while the metabolic outflux was dependent on the actual 
phosphate status of the roots. Whether the processes constituting the outflux 
are the exact reverse of assimilatory and accumulatory processes, as shown 
in Figure 10, or whether they should be represented as cyclic processes 
requires much more biochemical investigation. With regard to accumulation, 
it is easy to visualise that the »carrier» would function merely as a circulator 
of ions when the electrochemical potential of ions in the vacuoles reached 
that of ions in combination with the carrier. 

The »metabolic outflux» determined in these experiments is probably com- 
posed of release of inorganic phosphate both into the »apparent free space» 
(and thus into the external solution) and into the central vessel of the excised 
roots — the extent to which orthophosphate has been pumped through the 
roots is as yet unknown. This point obviously requires elucidation for the 
better understanding of the translocation of phosphate from root to shoot. 
In a recent study of this question, Russell et al. (33) found evidence for a 
differential inhibition by azide, dieca and DNP of retentive processes in the 
roots of intact barley plants relative to the transport of phosphate to the 
stele. 

It should be mentioned that precipitation of P?? on root surfaces as ferric 
phosphate (Biddulph, 4) is thought unlikely to have occurred since Fe was 
not present in the test solution and the P/Fe ratio in the nutrient solution 
was 50. The interaction between P and Fe is thought to be more complex 
by Russell and Martin (31). Further, the identity of the pH curves at 5.5 
and 6.9 indicates that calcium phosphate was not precipitated at pH 6.9. 
Preliminary experiments made with test solution consisting of the usual 
nutrient solution with the KH,PO, concentration increased to 3 mM gave 
completely comparable results to those described, indicating no major 
antagonistic effects. 

The net absorption of phosphate was dependent on the previous phos- 
phate nutrition of the roots, agreeing with the results of previous workers. 
The effect of initial salt status on subsequent changes in the levels of K*, 
Br- and NO,- in excised roots and entire barley plants was shown by 
Hoagland and Broyer (11). Helder (14) found a similar relation for the met 
uptake of phosphate by maize plants. Humphries (20) showed that the 
deficiency of either P, N or K in excised barley roots resulted in preferential 
net uptake of that element from a balanced test solution. 
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Further experiments on the leakage and physical exchange of phosphate 
from roots are projected, paying particular attention to the physical flux 
of phosphate from roots to 0.1 mM phosphate test solution. Hevesy (15) 
showed that the amount of P*? diffusing and exchanging from wheat roots 
per hour was 2.2—3.0 times greater with nutrient solution containing 4 mM 
phosphate than with nutrient solution having 0.16 mM phosphate. Kamen 
and Spiegelman (23) found that for internally-labelled cells of Chlorella 
pyrenoidosa and Rhodospirillum rubrum in a normal state of phosphate 
nutrition, P?? continued to leak into successive washes of saline or growth 
medium at 0° in amounts which were much too large to be accounted for 
by simple desorption. The amount removable by washing was greatly 
reduced by culturing the cells in low-phosphate media. The removable phos- 
phate was mainly derived from the »orthophosphate» fraction which may 
also contain decomposed labile phosphate. Goldberg et al. (13) found that 
for the marine diatom Asterionella japonica there was a minimal cell con- 
centration of phosphate necessary for further growth which was strongly 
bound and not removed by water washing. Higher phosphate concentrations 
in the solution (0.5 to 3.5 uM) were linearly related to higher contents of 
phosphate in the diatom cells, removable by water washing. These observa- 
tions are in line with the range of values for the retention ratio obtained in 
this study according to the previous phosphate nutrition. 

Since all the inhibitors used had similar effects on the activity curves 
and total phosphate levels, nothing can be said at this juncture about the 
primary phosphate acceptor(s). The incorporation of P*? into various com- 
ponents of the acid-soluble fraction is under investigation. 

Assimilation might be expected to become important relative to accumula- 
tion of phosphate in the root meristems. Overstreet and Jacobson (27) and 
Russell and Martin (31) found the highest concentrations of P*? in the apices 
of barley roots, but Kramer and Wiebe (24) report great individual varia- 
tion in the region of maximum incorporation in barley and pine roots. The 
final P*? concentration in their material after 1 !/, to 3 hours is stated to be 
400 times that in the external solution or ca. 100 mC. per 1. This corresponds 
to a dosage of 170 e.r. per hr. which is probably sufficient to induce radiation 
damage, particularly in the meristems, (Russell and Martin, 31). 


The author is grateful to Professor Hans Burstrém for valuable discussions during 
the course of this work and to Fil. Mag. Anders Kylin for advice on isotope tech- 


niques. The experiments were performed during tenure of a grant from the Swedish 
National Research Council. 
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Summary 


The time course of the incorporation of labelled inorganic phosphate over 
6—8 hour periods from a test solution consisting of 3 mM KH,PO,, 0.5 mM 
CaCl, (pH 5.5) into the total phosphate of 5-day-old excised wheat roots has 
been determined, with variation of a number of physiological factors and in 
the presence of different classes of inhibitors. Fluctuations in the level of 
total phosphate were also measured, enabling the degree of retention of 
incorporated phosphate and the degree of leakage to be ascertained. The 
major conclusions reached were: — 

1) The degree of retention of phosphate bears a close relation to the 
previous phosphate nutrition of the tissue. 

2) The incorporation of labelled phosphate into the total root phosphate 
was not dependent on the nutrition factor, the changes in retention being 
due to changes in metabolic outflux. 

3) At the phosphate concentrations used, the incorporation of labelled 
phosphate into the total phosphate of the root was not dependent on pH 
between 5.0 and 7.0. 

4) At 0—2° a two-phase curve for the changes with time of the specific 
activity of the total phosphate was obtained. This was interpreted as being 
due to rapid initial equilibration of inorganic phosphate within the »apparent 
free space» followed by slow exchange across the tonoplasts and residual 
slight metabolic accumulation and assimilation. This curve approximates to 
the physical component of the activity curve at normal temperatures. The 
temperature coefficients for 20—22° rise in temperature for the relative 
specific activities of the total root phosphate were 2.3—2.5 for high- and 
low-phosphate roots, indicating a mixture of physical and chemical processes. 
A temperature coefficient of 8 for the net uptake of phosphate by low- 
phosphate plants at 0° and 23° C indicated the controlling influence of 
metabolic processes. 

5) By the use of anaerobic conditions, respiratory inhibitors (cyanide, 
diethyldithiocarbamate), phosphorylative inhibitors (2,4-dinitrophenol, arse- 
nite, phloridzin) and a calcium-chelating agent (versene) the metabolic 
incorporation of phosphate could be inhibited to varying degrees down to 
the level of the physical component. The appearance of the protoplasm 
varied in a corresponding manner, with a cessation of plasma streaming and 
increasing degree of granulation. The level of total phosphate in the roots 
did not decrease more than 10 per cent after such treatment, despite the fact 
that the roots contained ca. 50 per cent of the total phosphate as ortho- 


phosphate. 
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6) 10-5 M indole-acetic acid did not affect the gradient of the activity 


curve, although a characteristic fluctuation was noted in the level of total 
phosphate. : 


A working hypothesis for the paths of inorganic phosphate within wheat 


root cells is presented and discussed. 
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The Connexion between Respiration and Salt Accumulation 
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The existence of a positive correlation between the rate of accumulation 
of ions by well-washed storage tissue or low-salt roots and the intensity of 
respiration of the material is well established (reviewed by Broyer, 3). 
Through inhibitor studies the increased respiration observed in the presence 
of added salts was shown to be mediated by the cytochrome system in wheat 
roots (Lundegardh, 15, 16, 18, Sutter, 31) and carrot tissue (Weeks and Ro- 
bertson, 35). These findings were accompanied by the postulation by Lunde- 
gardh (15, 16, 17, 18) of a direct participation by the cytochrome system 
in the transport of anions, as a complementary function to electron trans- 
port: in later work, Robertson et al. (25) favoured a more indirect action 
of the cytochrome system. With the demonstration of the presence of cyto- 
chrome oxidase in a large variety of plant tissues (Webster, 33, 34), the 
theories of Lundegardh and Robertson on the mechanism of salt accumula- 
tion gained added significance. 

This paper briefly describes work initiated to study the mechanisms 
underlying the above-mentioned correlation more closely. 


(a) Effect of Ionic Environment on Cytochrome Oxidase Activity 


Method 


A particulate fraction from 2-day-old pea seedlings (Pisum sativum, variety 
Svalév’s »Torsdag middag»), germinated in moist conditions at 25° C in the dark, 


1 Address after Dec. 10, 1953: Grasslands Division, D.S.LR., Palmerston North, New 
Zealand, 
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was prepared by the method of Stafford (29). The 35 per cent homogenate was 
subjected to centrifugation stages of 500 g for 10 minutes giving a fraction which 
was discarded, followed by 18,000 g for 1 hour. The particulate fraction thus 
obtained was resuspended in half of the original volume of water, re-centrifuged 
down at 18,000 g for 1 hour and finally suspended in one-quarter of the original 
volume of water. The cytochrome oxidase activity of this particulate fraction was 
measured manometrically, using hydroquinone as electron donor. The pH of the 
medium was maintained between 7.15 and 7.35, with the ionic environment being 
varied in composition and tonicity. 

Each Warburg flask contained some or all of the following constituents, in a total 
volume of 2.7 ml.: — 


(a) 0.2 ml. hydroquinone (3 mg. 0.011 M) in the side-arm. 

(b) 3.5X 10-8 moles cytochrome c (1.4X10-5 M), prepared by the slightly modi- 
fied method of Potter (23) of the method of Keilin and Hartree (11) and assayed 
spectrophotometrically after Potter (23). The preparation was finally dialysed 
against water and was therefore salt-free. Preliminary experiments indicated that 
a plateau of cytochrome oxidase activity was reached at this concentration. 

(c) 20—24 M trishydroxymethylaminomethane (TAM), pH 7.3. A commercial 
grade was twice recrystallised from 96 per cent ethyl alcohol, yielding colourless 
crystals, M. Pt. (corr.) 167—169° C. A stock solution of 0.20 M TAM was adjusted to 
pH 7.5 with a known amount of HCl. The final pH of the system was always checked. 

(d) 1 ml. particulate suspension from pea seedlings. No analyses for inorganic 
salts were made, but the method of preparation must ensure a very low salt content. 

(e) Additions of varying molalities of potassium phosphate (pH 7.3) and potassium 
chloride, as shown in the tabulated results. 

(f) 0.2 ml. 10 per cent KOH in the inset. 


The bath temperature was 25° C. The oxygen uptake was linear over 60 minutes, 
readings being made every 10 minutes. 


Table 1 shows the results from two detailed experiments. The conclusions 
from these experiments are also substantiated by three earlier experiments 
of more limited scope. For salt concentrations less than ca. 40 mM the cyto- 
chrome oxidase activity is markedly dependent on ionic environment. At 
the lowest salt concentration (12 mM TAM, 10 mM CI) the oxygen uptake 
was only 20 per cent of that realised with optimum concentrations of 
potassium and phosphate ions. Probably phosphate ions have a greater 
stimulating effect than chloride ions. Since the activity in the presence of 
40 mM phosphate buffer is only 8 per cent greater than when TAM and 
CI- ions were present in addition. (Expt. 2), it is probable that the TAM 
moiety has little or no depressing action. No differences in the state of 
particulate dispersion accompanying differences in ionic composition were 
noted (cf. Keilin and Hartree, 12). Because of the special care taken to keep 
pH fluctuations within the limits 7.15 to 7.35, this factor is not believed to 


have influenced the results. 
The effect of ionic environment on the succinoxidase activity of this par- 
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Table 1. The effect of ionic environment upon the cytochrome oxidase activity of a parti- 
culate fraction from pea seedlings. Oxygen uptake expressed as ul. O per hr. per ml. 


particulate suspension. 
aT 


Experiment 1 
Flask contents pl. O 
Endog. (boiled H 21 mM Cl 8, 48 
Endog. i H,Q alae 21 mM Cl 12, 12 
Endog. + H,Q + cyt c +12 mM TAM 10 mM CI 56, 58 
Endog. + H,Q 4-cyt c +24 mM TAM 21 mM Cl 111, 112 
> » > 41 mM Cl 179 
» > » 61 mM Cl 182 
21 mM Cl | 228 
x * . 20 mM phosphate 
21 mM Cl 238 
2 à if 40 mM phosphate 
Endog. + H,Q + cyt c 40 mM phosphate 246, 265 
Experiment 2 
Flask contents ul. O 
Endog. + H,Q 17 mM CI | 826 
Endog. + H,Q + cyt c + 20 mM TAM 17 mM CI 112, 120 
> > > 35 mM Cl 183 
» » > 53 mM Cl 209 
» » > 71 mM CI 208 
» » » 110 mM Cl 222 
17 mM Cl 
: ‘ € He mM phosphate } 220 
17 mM Cl | 937 
à " : 36 mM phosphate 
s ß L ed mM Cl | 234 
54 mM phosphate 
: P ÿ Ins mM Cl | 170 
93 mM phosphate 


ticulate preparation was also investigated. The determination was made 
manometrically under the same conditions as for cytochrome oxidase except 
that 0.2 ml. 0.25 M sodium succinate was substituted for hydroquinone and 
1.5 ml. of the particulate fraction was used. Somewhat higher activities 
were obtained in the particulate fraction than observed by Stafford (29), 
namely 80 to 150 ul O per hr. per ml. There was, however, a tendency 
for activities to diminish after 30 minutes. Variation of the total inorganic 
salt molality from 10 to 100 mM caused only a 25 per cent inhibitory effect 
at the higher concentration. The absence of a stimulatory effect at lower 
concentrations might be due to several factors: — 

(a) Sodium succinate is partially dissociated (K,, 6.8X10—> as compared 
with 1X 10° for hydroquinone). Lundegardh (17) considered that organic 
acid anions might compete with inorganic anions for transport by the cyto- 
chrome system. 
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(b) The rate-limiting factor under all conditions may have been succinic 
dehydrogenase and/or Slater’s factor (28). Chance (7) and Lundegärdh (22) 
have both concluded from spectrophotometric observations that the re-oxida- 
tion of succinic dehydrogenase is the slowest reaction in the succinoxidase 
sequence. Stafford (29) had evidence that in this preparation a factor was 
missing which was present in whole homogenates of pea seedlings. 

Using a heart-muscle preparation which probably consisted of disintegrated 
sarcosomal membranes, Keilin and Hartree (12) observed an optimum phos- 
phate concentration for succinoxidase activity of 0.15 M. Since maximum 
colloidal dispersion was observed at this concentration, they ascribed the 
optimum to a competition between peptidisation and salting-out effects. No 
optimum was observed with analogous kidney preparations. There were no 
changes in particle dispersion between salt concentrations of 10 and 100 mM 
in the author’s experiments and such an explanation could hardly be applied 
to particulate preparations. 

Obviously this work should be repeated with particulate preparations 
having better succinoxidase activity. Despite the lack of finality regarding 
the effect of ions on succinoxidase activity, these experiments are believed 
to lend support to the idea that »salt respiration» in low-salt tissues may 
arise by direct ionic stimulation of the cytochrome system. Other evidence 
for the existence and mode of action of such a stimulation will now be 
considered. 

Using a whole homogenate of 20-day-old low-salt wheat roots, Lunde- 
gardh (21) demonstrated spectrophotometrically that there was an increase 
of 64 per cent in the rate of oxidation of cytochrome c in the presence of 
0.1 M potassium chloride or nitrate. Unfortunately the pH does not appear 
to have been controlled. Using both 25 mM ascorbic acid and 50 mM p-phe- 
nylenediamine as electron donors, Slater (27) found an optimum phosphate 
concentration of 65 mM for the cytochrome oxidase activity of the Keilin- 
Hartree heart-muscle preparation. He distinguished experimentally between 
effects of the phosphate buffer on the cytochrome oxidase itself and on the 
catalytic activity of added cytochrome c. Following a detailed study of the 
effect of the ionic environment on the Hill reaction in isolated chloroplasts, 
Gorham and Clendenning (9) proposed that a common physical basis might 
underlie anionic stimulation of the Hill reaction, of starch hydrolysis by 
dialysed amylases and of salt respiration — namely, the provision of a 
favourable electrokinetic potential at colloid interfaces. 

Summarising, it remains uncertain whether the effect of anions on cyto- 
chrome oxidase activity is due to reaction at some specific point(s) in the 
system or to a non-specific surface phenomenon. The latter viewpoint agrees 
better with current knowledge of salt respiration, in particular with the 
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inhibition of salt accumulation and respiration by 2,4-dinitrophenol (Ro- 
bertson et al., 25) and with the changes with time of salt accumulation and 
salt respiration respectively (Robertson and Thorn, 24, Sutcliffe, 30). While 
the cytochrome system apparently supplies respiratory energy for ion accu- 
mulation, the »anion respiration» would appear to be due to a distinct surface 
phenomenon perhaps of rather general occurrence. 


(b) Occurrence and Localisation of Cytochrome Oxidase 
in Wheat Roots ; 


The presence of cytochrome oxidase in wheat embryos was demonstrated 
by Brown and Goddard (2); Goddard (8) isolated cytochrome c from wheat 
germ in yields of 4.6 mg. per kg. dry weight. Waygood (32) confirmed the 
presence of cytochrome oxidase in cell-free extracts of 30—66-hour-old wheat 
seedlings but found that cytochrome oxidase apparently disappeared from 
the extracts of the growing tissues after the third day of development. On 
the other hand, Lundegardh (19, 20), observed the cytochrome components 
in intact 20-day-old low-salt wheat roots spectrophotometrically, and cal- 
culated that cytochrome c was present to the extent of 237 mg. per kg. dry 
weight, a level comparable with those found in animal tissues. The cyto- 
chrome oxidase activity of whole homogenates and particulate and soluble 
fractions from embryonic and mature wheat tissues was therefore investigated. 


The method of Stafford (29) was again followed for the preparation of homo- 
genates (30 per cent) and particulate fractions. Root-shoot axes from 48-hour-old 
wheat seedlings, germinated on moist filter-paper at 25° C in the dark, were used 
as embryonic tissue. Roots from 5-day-old wheat plants, cultured in the usual way 
(Butler, 4), were used as source of mature tissue. The cytochrome oxidase activities 
of the whole homogenate, particulate fractions and soluble fractions were deter- 
mined manometrically by the method described above. 40 mM phosphate buffer 
and 1.5 ml. of each enzyme solution were present. 


The results for 3 experiments with 48-hour-old seedlings are grouped in 
Table 2. Considerable cytochrome oxidase activity was found in the whole 
homogenates and although the total recovery in the component fractions 
is low (ca. 30 per cent) the activity would appear to be particle-bound. 
Repeated experiments with 5-day-old high-salt wheat roots have, however, 
yielded completely negative results for cytochrome oxidase activity. In the 
light of Lundegardh’s observations, this is probably due to inactivation 
and the following possibilities are now under consideration: — 


a) That in mature root cells cytochrome oxidase is present largely within 
the tonoplast membranes. Disintegration of tonoplasts during the preparation 
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Table 2. Presence and distribution of cytochrome oxidase in homogenates of embryonic 
wheat tissue. 


System: 1.5 mls. enzyme solution; 40 mM phosphate buffer, pH, 7.3; 3.5X10—8 moles 
cytochrome c; 3 mg. hydroquinone (H2Q) in side-arm. Total volume, 2.7 ml. 

Results all expressed as ul. O per hr. per ml. 30 per cent homogenate. Fractions are 
designated E, whole homogenate; M, supernatant after 500 g centrifugation; P, centrifugate 
from 18,000 g centrifugation (not washed); S, final supernatant. 


Treatment E M B S 
% 
Enzyme (boiled) + H,Q .........… 15 — — = 
Enzymen HOME Re 20 = — = 
Enzyme + H,Q + cyt © ............ 80 — — = 
2. 
Enzyme (boiled) + H,Q ........ .. 10 — 6 =- 
Enzyme Et ON ernst 18 — 4 14 
Enzyme + H,Q + cyt ce ............ 58 — 18 14 
3. 
Enzyme (boiled) + H,Q ............ — 19 7 19 
Enzyme + H,Q ......... er cae = 33 11 24 
Enzyme + H,Q + cyt © ..........…. — 152 36 29 


of homogenates might then explain the inactivation. Previous demonstrations 
of particle-bound cytochrome oxidase activity in plant tissues have generally 
been made using embryonic tissues (reviewed by Bonner and Millerd, 1). 
Since vacuoles and mitochondria show functional similarity in both being 
capable of performing osmotic work there may be some similarities in the 
constitution of tonoplasts and mitochondrial membranes. The coupling of 
salt accumulation to the cytochrome system and the anionic stimulation of 
salt respiration could well be explained by such a location. The rapid inhibi- 
tion by cyanide and the ability of living roots slowly to oxidise reduced 
cytochrome c suggested to Lundegärdh (20) that the cytochrome system is 
localised in or near the surface of the protoplasm; fresh evidence arguing 
against the presence of a membrane selective for ions at the outer surface 
of the protoplasm has recently come forward (Hope and Stevens, 10, 
Butler, 5, 6). 

b) That inhibition occurs naturally or during extraction from high-salt 
roots. This might be overcome by improved homogenisation technique or 
the use of low-salt roots. The possibility of the presence of a natural inhibitor 
of the cytochrome system, operative in living high-salt material, cannot be 
dismissed because of work on the effect of natural inhibitors on salt accu- 
mulation and respiration by washed storage tissue (de Kock and Hunter, 13, 
Skelding and Rees, 26) and because of the progressive development with 
washing of a cyanide-sensitive respiration in red beet disks (Sutcliffe, 30). 
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(c) Selective Inhibition of the »Ground Respiration» of Wheat Roots 


De Kock and coworkers (13, 14) have prepared from the water-extract 
of sugar beet seeds an unsaturated yellow oil which acts as a powerful ger- 
mination inhibitor of cress (Lepidium sativum) and other seeds and which 
strongly inhibits the respiration and phosphate uptake of washed sugar-beet 
disks. A marked inhibition of polyphenoloxidase preparations from meal- 
worm (Tenebrio mollitor) and sugar beet was also observed. Briefly, the 
preparation involves the extraction with specially-purified ether of the water- 
extract from beet seeds, followed by drying and distillation off of the ether. 

The author successfully repeated this preparation several times and 
obtained corroboratory data for the inhibitory effect of the oil both on the 
germination of cress and on the activity of polyphenoloxidase extracts from 
Tenebrio. It was of interest to investigate manometrically the effect of the 
oil upon the respiration of wheat root segments and upon the cytochrome 
oxidase activity of the particulate fraction from pea seedlings. 


For the root respiration measurements, 40 1 cm. long root segments were used 
in each Warburg flask, the most suitable material being root-tips of seedlings which 
had germinated in the dark on moist filter-paper in Petri dishes for 3 days at 25° C. 
In some experiments, phosphate buffer (pH, 6.5) at a concentration of 19 ug. P per 
2 ml. was present and phosphate determinations were made colorimetrically on the 
solutions at the conclusion of respiration measurements. 

Cytochrome oxidase activity was determined as described above, using 40 mM 
phosphate buffer, pH 7.3, and 1.0 ml. particulate suspension. The oil was weighed 
directly into the flasks. 


Typical results for the effect on wheat root respiration and phosphate 
levels are given in Table 3. Varying degrees of inhibition were obtained 
according to the concentration of oil used and the potency of different pre- 


Table 3. The effect of an oil from the water-extract of sugar beet seeds upon the respira- 
tion of wheat root segments. 


Expt. 1: Experimental time 2.50 hrs. Expt. 2: Concentration of oil, 1 part per 250. Four 
additional experiments gave similar results. 


ae ER nee en nn... 
Experiment 1 Experiment 2 
Concentration | Respiration | Phosphate en Time | Respiration| Phosphate 
of oil tls. O |uptake, pgs. P. Froatment (hrs.) pls. O  luptake, pgs. P. 
pa i Es RE EE efi MS ley ie Be EN eee 
0 42 3.7 Controls 1.15 30 0.5 
0 42 87 » 2.00 46 Vey 
1 p. 1,000 53 0 » 3.00 64 3.0 
1 p. 750 32 — 2.8 Oil (1 p.250) 1.15 9.5 — 10,5 
1 p. 500 24 — 9,3 » 2.00 15 —16.0 
1 p. 250 8 —- 15.5 » 3.00 21 — 23.0 
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Table 4. Effect of the oil upon the cytochrome oxidase activity of a particulate preparation 
from pea seedlings. The oxygen uptake is expressed as ul. O per hr. per ml. particulate 
suspension. One addtional experiment gave confirmatory results. 
| Eee 


en Oxygen uptake (yl.) 
Duplicates Mean 
RO Se Caio re EE ae eee y 9 
Endone One ee 24, 38 31 
Endog22H:0E eye. 258, 272 265 
Do NO ET. 268, 250 259 
Dre ON NOT EN 246, 216 231 


parations. Respiratory inhibition was accompanied by leakage of phosphate 
from the roots; microscopically, progressive granulation of the plasma was 
observed culminating at the highest concentrations in complete blackening 
of the root tips and general loss of turgor. 


No marked inhibition of cytochrome oxidase activity was found (Table 4); 
neither was there an effect on succinoxidase activity in the one experiment 
performed. Unless the oil is greatly concentrated within wheat roots, the 
respiratory inhibition observed must probably be due to specific action on 
another terminal oxidase, the »ground respiration». The active component(s) 
of the oil appear to be of potential use in inhibitor studies. 


The author gratefully acknowledges the help received from Professor Hans Bur- 
ström through discussions and from Dr. P. de Kock through provision of detailed 
unpublished information. The work was performed during tenure of grants from 
the New Zealand Department of Scientific and Industrial Research and the Swedish 
National Research Council. 


Summary 


The cytochrome oxidase activity of particulate preparations from pea 
seedlings is markedly stimulated by ionic environment between total salt 
concentrations of 10 and 40 mM. The succinoxidase activity of the same 
preparations was not affected. The possible relation of the experiments to 
the phenomenon of salt respiration in low-salt plant tissues is discussed. 
Although cytochrome oxidase, probably particle-bound, could be demonstrated 
in homogenates from embryonic wheat tissues, homogenates from high- 
salt 5-day-old wheat roots were consistently inactive. An unsaturated oil 
prepared from the water-extract of beet seeds strongly inhibits the respira- 
tion of wheat root segments, although it has no marked action on the cyto- 


chrome system. 
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After treatment with a certain number of favourable photoperiodic cycles 
a photoperiodically sensitive plant will eventually flower even if the photo- 
periodic conditions are then changed; it is said to be photoperiodically 
induced. The number of cycles required varies from species to species, with 
the age of the plant, with the relationship of the number of hours of light 
to those of darkness in each cycle, with the intensity of light during the 
photoperiod, and with temperature. If the number of cycles applied does not 
reach a certain threshold .value no flowering may result, although features 
of vegetative growth may be affected. Thus, although flowering is an all- 
or-nothing response in that the Anlagen of the floral organs differ qualita- 
tively from those of other organs of the plant it is often possible to detect 
a degree of photoperiodic induction which is insufficient to bring about the 
initiation of flower primordia. In such cases the qualitative change to the 
reproductive condition, like many other biological phenomena, occurs at 
some point during a smooth quantitative change in the determining factors. 
This point may be called the threshold value of induction. On the other 
hand, with more than a certain number of inductive cycles the response 
obtained may not increase and the plant may then be said to have been 
maximally induced. With degrees of induction ranging between the threshold 
value and complete or maximal induction, varying degrees of flowering 
response are obtained. This may be expressed in the assumption by the plant 
of the »ever-blooming» habit (ie. vegetative growth as well as flowering 
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continues for a long time), by various grades of phyllody of the inflorescences, 
by variations in the numbers of flowers initiated and in the rapidity with 
which the flowers attain maturity. 

Three views or »theories» have been put forward to account for the pheno- 
menon of photoperiodic induction. Lubimenko and Sceglova (1931) suggested 
that the persistant nature of photoperiodic induction might be due to the 
creation of some more-or-less stable condition of the protoplasm which could 
then determine the course of development of the whole plant. This view- 
point has been elaborated by Moskov (1937, 1941) who has suggested that, 
since it is the leaves which are the percipient organs in photoperiodism, after 
induction »the leaves... have passed a certain phase in ontogeny, probably an 
irreversible phase, and have now acquired the power of bringing to flowering 
the growing points controlled by them». Thus according to Moskoy, it is the 
leaves which are induced, and the changes at the shoot apex are secondary, 
being the result of transport of some »flower hormone» from those leaves 
which have suffered an irreversible physiological change. The leaves will 
continue, therefore, to produce this »hormone» even in subsequent non- 
inductive conditions. 

On the other hand Cajlachjan (1937) has suggested that a store of »flower 
hormone» is accumulated in the leaves (and in the stem) during photo- 
periodic treatment, from whence it is gradually released to the shoot apex. 
According to this theory the degree of the flowering response (e.g. the 
number of flowers formed) will be proportional to the amount of accu- 
mulated hormone, and reversion to the vegetative condition can be expected 
to occur when this store is exhausted. This theory therefore readily explains 
the phenomenon of reversion to the vegetative condition, and it also accords 
with Harder’s (1948) observations on Kalanchoe, in which the flowering 
response is quantitatively correlated with the number of inductive cycles. 

Moskov’s theory that the induced leaf undergoes an irreversible physio- 
logical change is in agreement with the fact that a single short day is sufficient 
to cause flowering for a considerable time in Xanthium pennsylvanicum 
(Hamner, 1940). It is unlikely that the amount of flower hormone formed 
during a single photoperiodic cycle would last over such long periods and 
therefore it must continue to be produced after the initial treatment. On the 
other hand, it is equally probable that the »stimulus» having gained access 
to the shoot apex, multiplies there independently of a further supply from 
the leaves, as suggested by Gregory (1948). Gregory has put forward the 
view that the final synthesis of flower hormone takes place in the meriste- 
matic regions. »The reaction is autocatalytic, so that once a critical level 
of the precursor has accumulated in the meristems, further formation goes 
on even though the leaves are kept in unfavourable light conditions». This 
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does not explain, however, the capacity of induced, but decapitated, stocks 
to induce flowering in scions grafted to them unless it is additionally postu- 
lated that the flower hormone migrates from the sites of synthesis into the 
whole plant, including the leaves. As a corollary, it would then be difficult 
to explain the phenomenon of reversion. However, on Gregory’s theory of 
induction it would clearly be impossible to cause the production of a store 
of flower hormone in detached leaves by photoperiodic treatment, whereas 
on either Moskov’s or Cajlachjan’s theory it would be possible to induce the 
detached leaf photoperiodically. Experiments to settle this point were there- 
fore carried out on Biloxi soybean and Xanthium pennsylvanicum. 


Materials and procedure 


Seeds of Biloxi soybean were obtained through the courtesy of Dr. H. A. Borth- 
wick, U.S. Department of Agriculture. Xanthium plants were raised from seed of 
a strain grown at the Max Planck-Institut at Tiibingen from material also supplied 
by Dr. H. A. Borthwick. The plants used in the experiments were kept throughout in 
long-day conditions, and control plants remained strictly vegetative under these 
conditions. It is clearly necessary that no shoot apical tissue should accompany the 
detached leaves undergoing photoperiodic treatment, and for this reason, the leaves 
were removed by cutting through the petioles well above the axillary positions. 
The cut ends were then immersed in tap-water, which was changed every two days. 
(Although the tap-water was very »hard» it would have been more satisfactory to 
have used a dilute balanced nutrient solution). Biloxi soybean leaves developed 
roots or had root primordia formed along the petioles within 14 days. Xanthium 
leaves produced few or no roots in 10 days. Some leaves were kept in long-days 
(more than 18 hours of light per day) others in short-day conditions (9-hour photo- 
periods in the greenhouse, temperature 20—25° C., 15-hour dark periods in a dark 
room at 21° C). Eventually the leaves were grafted back to recipient plants which 
had been maintained throughout under long-day conditions. No difficulty was 
experienced in grafting leaves which had been detached for as many as 23 days, and 
different photoperiodic treatments did not appear to affect the ease with which 


grafting was accomplished, although no special experiments were carried out to 
test this point. 


Experimental work 
Experiment 1. Biloxi soybean. 


Plants were grown under long days from seeds sown on 8th June, 1952. On 
27th July recently expanded or expanding trifoliate leaves were detached and given 
one of the following treatments: 10 short days, 10 long days, 15 short days, 15 long 
days. At the same time 10 plants were defoliated to a single trifoliate leaf of the 
same phyllotactic position as the detached leaves (i.e. of the same physiological 
age) and all buds except that axillary to the remaining leaf were removed. These 
control plants were treated with 10 short days and then returned to long day condi- 
tions. The detached leaves were grafted to recipient plants immediately after the 
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Figure 1. Biloxi soybean plant of Experiment 1. 
The leaf shown had been treated with 15 short 
days. The two defoliated shoots have grown out 
from buds left on the receptor plant. 


end of their respective photoperiodic treatments. The grafts were made (Figure 1) 
by decapitating the receptor plants and inserting the shaped petiole of the treated 
leaf, from which all roots had been removed, into a cleft in the top of the stem. All 
other leaves were removed, and all buds, except a single bud adjacent to the grafted 
leaf, were also removed. During the next few weeks this bud (occasionally two or 
even three buds grew out from the axillary position) developed into a shoot from 
which each leaf was removed before it had begun to expand. The axillary shoots 
of the control plants, treated with short days, but bearing an intact leaf, were 
similarly defoliated; these control plants therefore resembled exactly the experi- 
mental (grafted) plants except that the short-day treatment had been given with 
the leaf in organic connection with a shoot apex. After about a month each developed 
principal axillary shoot bore some 10 elongated internodes. The plants were then 
harvested and the axillary buds on each node investigated microscopically for flower 
primordia. The results are summarised in Table 1. 


It is clear that no flowering is brought about under the influence of a 
Biloxi soybean leaf which has been treated with short days in the absence 
of organic connection with a shoot apex. Similar treatment of an intact leaf 
results in the formation of a relatively large number of flower primordia 
by the shoot developed from its axillary bud. In other experiments con- 
ducted at the same time completely intact plants (i.e. neither defoliated nor 
de-budded) produced about 130 flower primordia after treatment with 10 


short days. 


Experiment 2. Xanthium pennsylvanicum. 


Seeds of Xanthium were sown on 10th July, 1952 and the plants raised under 
long day conditions. On 29th August leaves which had just attained maturity were 
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Table 1. Photoperiodic treatment of detached leaves. 
Biloxi soybean. 


a BEEEEEEEEEEEEEEEEEE Ea0 


| 1o21r..D. | EN Er D. | 15 S. D. | 108 SD: 110 S. D. »Intact» 


Numberzofplantsı ren. | 10 | 10 | 15 | 15 | 10 
Number of »good> grafts ...... 9 8 | 10 11 | = 
Number of flowers per plant* 0 | 0 0 | 0 95 
L.D.=long day treated. S.D.=short day treated. 
* Examined one month after grafting. 
Xanthium pennsylvanicum. 
Du N ee a eee 
LORS D: OSL SD: 10 S. D. »Intact» 

Numberzofeplantss ne A pee. 10 10 10 
Number of >good» grafts ....... ............. 9 8 -- 
Numberstlowerin@@e ee Sagen. 5 0 0 10 | 
Numbersvegelativer ee JE Se 0* 


* Macroscopic flowers were visible two weeks after the end of the short-day treatment. 
** Examined seven weeks after grafting. 


removed and treated with either 10 short days or 10 long days. Control plants in 
long days and short days were also kept. The short-day control plants were defoliated 
to a single expanded leaf similar in age to the detached leaves treated photo- 
periodically. All buds were removed from these control plants, with the exception 
of the terminal bud. The detached leaves were grafted immediately after the end of 
their photoperiodic treatments (on 8th September) and the short-day control plants 
were put under long days from that date onwards. Grafts were made by incising 
the main stem as near as practicable to the terminal bud and inserting the shaped 
petiole (Figure 2). The plants were not decapitated but all axillary buds were 
removed at the time of grafting and all expanded leaves were removed. Defoliation 
was not continued as it was the Biloxi soybean; it had been found in previous 
experiments with Xanthium that continued defoliation causes aberrations in the 
newly-developed leaves and eventual death of the shoot apex. Moreover, it is 
apparent from the literature (e.g. Long, 1939) that it is unnecessary to defoliate 
Xanthium plants in order to allow the scion to exert its maximum effect on the 
shoot apex. Indeed, Lona (1946) claims that the young unexpanded leaves of Xan- 
thium have a synergistic effect and reinforce the action of the mature, photo- 
periodically-treated leaves. 

After seven weeks the apices of the Xanthium plants were harvested, pickled and 
despatched to the author by Dr. H.-G. Aach for examination. At this time some of 
the grafted leaves were still living — a remarkable testimony to the effectiveness 
of the grafting and the minor nature of the injury caused by detached culture. (In 
the Biloxi experiment all the grafted leaves were deep-green and vigorous at the 
end of the experiment). The results are summarised in Table 1. They are the same 


as those found with Biloxi soybean — the detached leaf cannot be photoperiodically 
induced. 
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Figure 2. Xanthium pennsylvanicum plant of Ex- 
periment 2, photographed three weeks after graft- 
ing the leaf which is lowermost in the photograph. 
The internodes corresponding to the leaves re- 
moved at the time of grafting have extended, so 
that the leaf appears to be removed from the site 
of the terminal bud, to which it was at first 
adjacent. 


Experiment 3. Biloxi soybean and Xanthium pennsylvanicum. 


At Professor Melcher’s suggestion the effect of having the petioles of the detached 
leaves dipping into auxin solutions of different concentrations during the photo- 
periodic treatments was also tested. For this purpose, indoleacetic acid at con- 
centrations of 10-11, 10—® and 10—7 M was used. The set-up of the experiment was 
otherwise identical with those of Experiments 1 and 2 and as it was carried out at 
the same time the controls of those experiments apply also to this. The auxin 
solutions were changed every two days. 5 leaves of Biloxi soybean and 5 of Xan- 
thium were used in each auxin treatment and these leaves were subjected to 10 short 
days. 10 of the 15 Biloxi soybean grafts were successful; four of these were from 
the 10—7 auxin concentration, and three from each of the other concentrations. 
When dissected 4 weeks after grafting none of the Biloxi plants to which these 
leaves had been grafted showed signs of flower formation. The Xanthium grafts 
were left for six weeks, and there were no inflorescence primordia on any of the 
plants then dissected. 


The result does not reveal anything about the action of auxin during 
photoperiodic induction, but it supports the conclusions from Experiments 1 
and 2, namely, that inductive treatment of a leaf is effective only when the 
leaf is in organic connection with a shoot apex. 


Discussion 


The results reported about are clearly in accord with Gregory’s views on 
the nature of photoperiodic induction, namely that the »flower hormone» 
is manufactured in the shoot apical meristem from precursors supplied by 
the leaves during the course of photoperiodic treatment. These precursors 
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do not appear to be accumulated in the detached leaves during photoperiodic 
treatment (as Cajlachjan might suppose) nor is there any apparent change 
in the detached leaf by which it would continue to produce these precursors 
after the end of the photoperiodic treatment. The results are clearly at 
variance with the views of both Moskov and Cajlachjan, who suggest that 
the shoot apex plays a merely passive role, and that the leaves supply »flower 
hormone» to it. They are also at variance with the results of an experiment 
briefly described by Lona (1949) and quoted without criticism by Lang 
(1952). Lona detached leaves together with a small portion of stem from 
plants of Perilla ocymoides and rooted them as cuttings in moist sand. Some 
leaves were kept in long-day conditions, others in short-day conditions. 
After 18 days the leaves were grafted back to vegetative plants. These plants 
which received leaves treated with short days formed macroscopic flower- 
buds after 5 weeks, while those plants which received leaves treated with 
long days did not flower. Lona states that he removed the axillary buds from 
the leaf-cutting before planting them. There are usually three buds in the 
axil of a leaf of Perilla and the smallest are microscopic. It seems doubtful 
in the absence of a positive statement to the contrary whether all the buds 
were removed. In any case, the axillary position in Perilla leaf-cuttings 
readily regenerates shoot apices, and, since the cuttings formed roots the 
following system was probably in each case the subject of the photoperiodic 
treatments: — a leaf, with a portion of stem bearing roots and shoot apical 
meristem. Thus all the essential parts of an individual plant were probably 
present and it is perhaps not surprising that, treated with a relatively large 
number of short days, the cuttings were able subsequently to induce 
flowering in receptors to which they were grafted. The author carried out 
a number of pilot experiments on leaf-cuttings of Perilla in 1950 in which 
the axillary positions were ruthlessly excised and the leaves kept under long 
days or under short-days. Eventually the axillary position regenerated new 
shoot apices and, if the leaf had been under short day conditions, these new 
shoots, after forming two small leaves, developed as inflorescences. If the 
leaf had been kept under long-day conditions the new shoots developed 
vegetatively. But these experiments cannot reveal whether or not the detached 
leaf is capable of becoming »photoperiodically induced», since we cannot 
know at what stage a putative shoot apex has been regenerated, i.e. how 
far the photoperiodic treatment is applied to a complete »phyton». This type 
of experiment is, of course, not new; Vöchting (1878) refers to similar 
experiments carried out by Agricola (1772) with leaves of lemon, orange 
and other trees. These leaves were planted in soil in pots, in which they 
rooted and eventually threw up shoots. Véchting describes an illustration 
by Agricola of such a lemon-leaf cutting as follows: — »the leaf had formed 
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a basal callus from which roots and a shoot had grown, the shoot having 
reached a length not quite that of the parent leaf». The shoot produced 
flowers from which a fruit developed. Véchting assumed that the flower 
primordia were already present at the time the cutting was taken. Goebel 
(1900) refers (Vol. 1 p. 46) to the experiments of Sachs with Begonia leaf 
cuttings and to his own experiments with Achimenes Hageana leaf-cuttings. 
Leaves taken from plants »which had arrived at their flowering period» 
gave rise to adventitious shoots which promptly flowered, whereas leaves 
taken from plants »which are not yet ripe for flowering» gave rise to vege- 
tative shoots. »Sachs concluded from his experiments that the flower-forming 
material was already in existence in the leaves of the plants which were 
ready to bloom». 

The experiments reported in this paper on Biloxi soybean and Xanthium 
are free from the objection that shoot apical meristem might have been 
present during the photoperiodic treatment, since the leaf-cuttings were 
taken in such a way as to exclude the possibility of the regeneration of shoot 
apices. The results obtained do not agree with those of Lona, which have 
led Lang (1952) to state that »the leaf can be detached from a plant and 
can be photo-induced while growing as a cutting». 


Summary 


Photoperiodic induction is defined and the views of Cajlachjan, Moskov 
and Gregory on the nature of induction outlined. Experiments in which 
detached leaves of the short-day plants Biloxi soybean and Xanthium penn- 
sylvanicum were treated with short days and then grafted to receptor plants 
are described. 

These experiments show that the leaf cannot be photoperiodically induced 
unless it is in organic connection with a shoot apex. 

This is shown to be in agreement with Gregory’s views on photoperiodic 
induction, and at variance with those of Moskov and Cajlachjan. 
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In the first of these papers it has been shown that the detached leaf cannot 
be photoperiodically induced. If leaves are photoperiodically treated in 
organic connection with shoot apices, however, these apices will, providing 
the inductive treatment is sufficiently prolonged, give rise to inflorescences. 
Another type of experiment along these lines is possible. It would be possible 
to remove all shoot apices from a plant and to treat the remaining »torso» 
with inductive photoperiodic conditions, subsequently grafting a shoot apex 
to it to test whether, in the absence solely of shoot apices, the rest of the 
plant is capable of forming the flowering stimulus. This type of experiment 
has been carried out with Xanthium pennsylvanicum and Chenopodium 
amaranticolor, both short-day plants. Xanthium is very suitable since it 
does not readily regenerate shoot apices during the time of photoperiodic 
treatment. With Chenopodium, on the other hand, adventitious buds must be 
removed every two days, or even every day, from the plants. 


Experimental work 
Experiment 1. Xanthium pennsylvanicum 


The experiment was carried out with the same stock of plants as used in Experi- 
ment 1 described in the first paper of this series. Five plants of Xanthium were 
de-budded and treated for 10 days with short day conditions (9-hour photoperiods 
in the greenhouse, 15-hour dark periods in a darkroom at 21° C). Vigorous plants 
bearing five or six mature leaves were used for the experiments. Each day for the 
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Figure 1. Xanthium pennsylvanicum plant of Ex- 
periment 1, showing the vegetative scion grafted to 
a de-budded stock, which had been treated with 
short days. 


first few days all regenerated shoot apices were removed; these regenerated apices 
were visible only on close examination. On 8th September, 1952, the day following 
the end of the short-day treatment, the terminal buds of five other Xanthium plants, 
which had been kept throughout on long days, were removed and grafted to the 
experimental plants. The grafted terminal shoots (scions) were about 3 cm. long 
and bore no expanded leaves (see Figure 1). They were not defoliated during the 
period subsequent to grafting. Since the experiment was carried out at the same 
time as Experiment 2 of the first paper of this series, the long-day and short-day 
controls of that experiment may be regarded as controls also for the experiment 
here described. Unfortunately the number of plants available for experimentation 
did not allow for controls of long-day treated scions grafted to »torsos» kept in 
long-day conditions. Seven weeks after the grafts were made the apices were 
collected and despatched to the author by Dr. H.-G. Aach. On dissection they all 
proved to be strictly vegetative. 


Experiment 2. Chenopodium amaranticolor 


This plant has been introduced as a qualitatively reacting short-day plant by 
Lona (1948). Plants were raised from seed derived from a selection of Lona’s 
strain. Tall plants bearing about 20 fully-grown leaves were chosen for the experi- 
ment. Ten of these plants were decapitated and de-budded and then subjected to 
short days for a total of seven days, ending on 17th, September 1952. Immediately 
thereafter, terminal shoots of other Chenopodium plants which had been maintained 
throughout in long days were grafted to them. During the short-day treatment all 
regenerated shoot apices were rigorously excised. All ten grafts »took» and the 
scions were available for examination six weeks after the date of grafting. In 
addition, groups of 5 plants each were treated with one, two or four short days 
respectively. No grafts of long-day treated scions on »torsos» kept in long-days 
were made. Five plants were maintained throughout in long days as controls. Intact 
plants treated with 4 short days had formed flower primordia by 30th September, 
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ie. 14 days after the end of the treatment. The shoot apices of all the other plants 
were collected on 1st November by Dr. Aach and sent on to the author. The apices 
of plants which had received 2 short days were then found to contain flower- 
primordia. Upon dissection, the apices of the long-day controls, the plants treated 
with a single short day, and those of the scions from the grafted plants, were all 
found to be strictly vegetative. 


Experiment 3. Chenopodium amaranticolor 


This experiment started from the assumption that, if there were a photoperiodic 
»stimulus» generated in a de-budded plant it could be made to exert its influence 
on an intact plant by approach-grafting. All the buds were removed from five plants 
of the same stock as that used for Experiment 2, and these plants were then treated 
with two short days; they were then approach-grafted to five other intact plants 
which had also received two short days. It is seen from the results of Experiment 2 
that Chenopodium amaranticolor plants of this strain flower, although with some 
delay, when treated with two short days. It was thought that, if there were a 
residual »stimulus» within the de-budded plants as a result of the action of short 
days, this might be »added» to that generated in the intact partner of the graft. 
Thus, one might expect that the terminal shoot of the intact partner would then 
flower as rapidly as the terminal shoot of a single plant treated with four short 
days. Controls for this experiment were the same as for Experiment 2. The plants 
treated with 4 short days produced flower buds within 14 days from the end of the 
treatment; the terminal shoots of the intact partners of the pairs of grafted plants 
were still vegetative at this time. The apices of these plants were collected on 
November Ist i.e. about six weeks after grafting. On dissection they were observed 
to be no more advanced in flowering than the apices of single plants which had 
been treated with two short days. 


Discussion 


The results of these experiments are in full agreement with those described 
in the first paper of this series, namely that in the absence of shoot apices 
no permanent effect of the action of inductive photoperiodic treatment can 
be observed. The shoot apical meristem must be regarded as unique in its 
ability to receive and stabilise the products formed in the leaves during 
inductive photoperiodic treatment. Neither the apical meristem of the root 
nor the cambium meristem of the shoot is able to function in this manner. 
This is in full accord with Gregory’s theory on the nature of induction. It 
also agrees with a deduction which can be made from his theory of the action 
of light and darkness on short-day plants (Gregory, 1948). In that theory, it 
is assumed that the inhibitory action of acropetally situated leaves kept under 
long day conditions is due to the reception and destruction in these leaves 
of the labile »precursor» (substance B) of the flower hormone, generated 
in leaves kept under short-day conditions. If that is so, then substance B 
must be transported within the stem, and the stem cambium can play no 
part in its stabilisation (ie. conversion to the light-stable substance C). 


ON THE NATURE OF PHOTOPERIODIC INDUCTION 683 


Some experiments carried out by Zhdanova (1948) also lend support to 
these conclusions. She removed the youngest leaves from Perilla plants and 
subjected the remaining leaves to two short days. The leaves received this 
treatment either simultaneously (in one group of plants) or (in another 
group) each leaf was treated in turn, beginning with the uppermost leaf and 
proceeding towards the base of the plant. Immediately after receiving its 
second short-day cycle each leaf was then removed. Plants in which the 
leaves were treated simultaneously did not flower, but those, the leaves of 
which were treated successively, did flower. This implies that the successive 
stimuli generated by photoperiodic treatment of each leaf in turn must be 
summated — probably within the shoot apex. It also implies that the sum- 
mation of photoperiodic stimuli from single leaves over a long period is 
more efficaceous than the summation of the same amount of stimulus over 
a short period, i.e. that the mechanism of stabilisation of the photoperiodic 
stimulus is saturated by the amount of stimulus proceeding from a single leaf. 
If a larger »dose» of the photoperiodic stimulus is applied to the shoot apex 
most of it is lost before stabilisation can take place. 

In a second experiment, Zhdanova treated intact Perilla plants with 15 
short days and then removed all the leaves, either immediately or after a 
varied number of days ranging up to six. These plants »came into flower» 
at the same time as plants from which the leaves were not removed (the 
slight differences — up to six days — cannot be regarded as significant in 
view of the 46 days required by the non-defoliated plants). Putting the 
plants into continuous darkness after the period of induction considerably 
reduced the time to flowering except where the leaves were removed im- 
mediately after photoperiodic treatment. This is held by Zhdanova to support 
Cajlachjan’s view that darkness favours the outflow of »florigen» from the 
leaves. It is interesting to compare the statement that cutting the leaves off 
after induction did not affect flowering with Moskov’s (1941 a) observation 
that Perilla does not flower with such treatment. Zhdanova’s results are in 
agreement with those of the experiments described above on detached leaves 
and de-budded plants, viz: (1) during photoperiodic induction the leaves 
supply some precursor of the »flower hormone» to the shoot apex; (2) in 
the absence of a shoot apex this precursor is dissipated; (3) summation of 
the effects of successive inductive photoperiodic cycles takes place in the 
shoot apex, and there is no storage of »florigen» in either leaves or stem. 


Summary 


Experiments with the short-day plants Xanthium pennsylvanicum and 
Chenopodium amaranticolor are described in which de-budded plants were 
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subjected to inductive photoperiodic treatments. Shoot apices grafted to 
these plants failed to flower, thus demonstrating that there is no residual 
effect of photoperiodic treatment carried out in the absence of shoot apical 
meristem. 

The results of these experiments are in full agreement with those of the 
experiments on detached leaves described in paper 1 of this series; they also 
agree with Gregory’s interpretation of the nature of photoperiodic induction. 
The results do not support the views of Cajlachjan or Moskov. 


The author wishes to thank Max-Planck-Gesellschaft for financial support during 
his stay at Tübingen, Germany during 1952, and Professor Melchers, who placed 
the excellent facilities of his Institute at the author’s disposal. Thanks are also 
due to the technical and research staff of the Max Planck-Institut fiir Biologie, Abt. 
Melchers, Tiibingen for help in carrying out the experiments, and particularly to 
Dr. H. G. Aach for harvesting apices from experimental plants. 


References 


Cajlachjan, M. H.: Concerning the hormonal nature of plant development processes. — 
Compt. Rend. (Doklady) Acad. Sci. URSS. 16: 227. 1937. 

Goebel, K.: Organography of plants. — English Edition by I. B. Balfour. Pt. I: General 
Organography. Oxford, 1900. 

Gregory, F. G.: The control of flowering in plants. — Symp. Soc. Exp. Biol. Cambr. Il. 
Growth. 75. 1948. 

Hamner, K. C.: Interrelation of light and darkness in photoperiodic induction. — Bot. 
Gaz. 101: 658. 1940. 

Harder, R.: Vegetative and reproductive development of Kalanchoe Blossfeldiana as 
influenced by photoperiodism. — Symp. Soc. Exp. Biol. Cambr. II. Growth. 117. 1948, 

Lang, A.: Physiology of flowering. — Ann. Rev. of Pl. Physiol. 3: 265. 1952. 

Lona, F.: Sui fenomeno di induzione, post-effetto e localizzazione fotoperiodica. — Nuov. 
Giorn. Bot. Ital. N.S. 53: 548. 1946. 

— La fioritura della brevidiurne Chenopodium amaranticolor Coste et Reyn. coltivata 
in soluzione nutrizia con saccarosio, in assenza di stimolo fotoperiodica euflorigeno. 
— Ibid. 55: 559. 1948. 


— L/induzione fotoperiodica di foglie staccate. — Boll. della Soc. Ital. di Biol. Sperim. 
25: 761. 1949. 
Long, E. M.: Photoperiodic induction as influenced by environmental factors. — Bot. Gaz. 


101: 168. 1939. 
Lubimenko, V. N. & Séeglova, O. A.: Sur l'induction photopériodique dans les processus 
du developpement des plantes. — Bull. Bot. Gard. Leningrad. 1—2:1. 1931. 
Moskov, B. S.: Photoperiodism and a hypothesis as to hormones of flowering. — Compt. 
Rend. (Doklady) Acad. Sci. URSS. 15: 211. 1937. 


— Elimination of leaves in grafting. — Compt. Rend (Doklady) Acad. Sci. URSS. 31: 
161. 1941 (a). 


— On the photoperiodic after-effect. — Ibid. 31: 699. 1941 (b). 

Vochting, H.: Organbildung in Pflanzenreich. — Erster Teil. Bonn, 1878. 

Zhdanova, L. P.: (On the rate of transport of flower hormone under photoperiodic induc- 
tion). — Compt. Rend. (Doklady) Acad. Sci. URSS. 61:553. 1948. 


PHYSIOLOGIA PLANTARUM, VOL. 6. 1953 


Growth and Water Absorption of Helianthus Tuber Tissue 


By 


HANS BURSTROM. 


Botanical Laboratory, Lund 
(Received May 18, 1953) 


A »non-osmotic» or active water absorption plays a prominent role in 
the discussion of the growth mechanism and the mode of action of auxin. 
The concept has been criticized for theoretical (Levitt 5) and experimental 
reasons (Brauner and Hasman 2, Burstrôm 3), but Bonner, Bandurski and 
Millerd (1) in a recent paper with experiments on the growth of tissues 
of topinambur (Helianthus tuberosus, Jerusalem artichoke) tubers claim 
to have presented conclusive evidence of the existence of an active water 
absorption. 

In these experiments tissue discs of an osmotic value of 0.12 M 
(according to a private communication 0.14 M) could accomplish an ab- 
sorption of water and growth in mannitol solutions of up to 0.4 M. In 
experiments with roots and additions of mannitol the author (3) obtained 
a similar discrepancy between osmotic value and water absorption, but a 
careful examination of the growth and the osmotic conditions revealed a 
kind. of osmo-regulation, and the water absorption during growth followed 
the normal osmotic course. Superficially these results and those of Bonner 
et. al. with topinambur discs are rather similar, in the case of roots, however, 
no active water absorption occurs. 

Bonner’s conclusions as regards the active water absorption are based on 
meagre records of the osmotic values of the tissues. Moreover, they stand 
in sharp contrast to the well-known fact that topinambur tubers during 
dormancy contain carbohydrates stored in soluble forms, and, at least 
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as far as commercial strains are concerned, in appreciable amounts, usually 
exceeding 15 per cent of the fresh matter. 

According to Schlubach and Knoop (7) these carbohydrates may consist 
of 10 to 15 per cent inulin, 20 to 30 per cent of a disaccharide dilaevan, 
5 to 10 per cent difructoseanhydride, and 6.4 per cent sucrose besides 
other compounds in smaller amounts. A rough computation shows that 
the compounds on the disaccharide level alone ought to give an osmotic 
value of 0.15 to 0.30 M. Wiklund (8) has carried out extensive analyses 
of tubers and found total sugars amounting to up to 20 per cent in Swedish 
material; among these sugars were about 25 per cent glucose entering 
into sucrose or saccharides of a slightly higher molecular weight; the main 
part consists of inulin with a molecular weight of 990 according to available 
tables. Hexoses are practically absent, but the glucose compounds alone 
ought to give the cells an osmotic value of 0.2 M. An osmotic value of 0.12 
to 0.14 M as recorded by Bonner et. al. is common in non-storing vegetative 
parenchyma and suggests that his tubers must have been practically free 
from the usually stored nutrients. 

It was found appropriate to determine the osmotic conditions of dormant 
topinambur tubers and partly to repeat Bonner’s growth experiments. — 
His strains were of course not available, but the material used was different 
commercial Swedish strains. 


The normal osmotic value of the tubers 


This was determined on juice expressed in a hydraulic press after four 
different treatments of the peeled and minced tubers, (i) direct pressing 
of the living tissue at room temperature, (ii) the same procedure but with 
all operations carried out in a cold room at +3° C, (iii) killing with ether 
before pressing, and (iv) pressing after killing rapidly by heating to 100° C, 
which is prescribed for the extraction of unchanged inulin. The tubers had 
been stored at +3° C. In all instances the juice was immediately centrifuged 
at 14,000 RPM for 15 minutes, and the freezing point of the absolutely clear 
juice determined. All operations from the peeling of the tubers until finishing 
the At-determinations were carried out within 2 or 3 hours. 

Values of At were obtained between 0.93 and 1.74° C, corresponding to 
osmotic values of the sap of between 0.50 to 0.92 M. The freezing points 
varied with the different samples of tubers and within the tubers. It is 
probably higher in the medullary than in the peripheral parts. The values 


were, however, independent of the mode of preparation. The following exemple 
may be mentioned: 
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(i) pressed directly in a cold room at +3° C, 
At=1.55° C, osmotic value=0.83 M; 
(ii) killed at 100° C, pressed at room temperature, 
At=1.63° C, osmotic value=0.87 M. 


In two instances the dry matter contents and the amounts of water soluble 
solids were also determined. The following results were obtained: 


Strain I II 
FPS REA A CRUE AS 100.00 100.00 
Dante ane ln cat m val: bus 24.32 13.88 
N ee A EE ered 75.68 86.12 
At 100° C soluble matter g. ........ 24:04 510,23 
Insoluble residue! gi sors à 3.25 3.65 
Osmotic vale Een 0.85 0.50 


Computed on 100 g. of water the insoluble matter amounts to 4.3 and 4.2 
per cent respectively; the whole difference lies in the amount of substances 
soluble in hot water, which may be interpreted as a difference in stored 
carbohydrates. If the soluble matter is computed on the amount of water 
values of 278 and 119 g. per 1,000 g. of water are obtained. With regard to 
the recorded freezing points this should give average molecular weights of 
329 and 240 respectively, although a considerable part of the osmotic material 
must consist of mineral salts. The tubers are known to be rich in alkali 
salts, especially potassium. This means that compounds of a molecular weight 
far above that of disaccharides must form another important constituent. 
The difference between the two materials amounts to 159 g. soluble solids 
per 1,000 g. of water with an osmotic value of 0.35 M, corresponding to an 
average molecular weight of 452. 

These computations are only intended to show that the observed osmotic 
values and dry matter contents roughly tally with the analyses of tubers 
quoted from the literature. The material used in the experiments thus seems 
to be of a fairly normal composition. 


Tests on plasmolysis 


Bonner et. al. determined the osmotic value at incipient plasmolysis by 
microscopic observations of sections in mannitol solutions. According to the 
author’s experience this meets with obvious difficulties. In the Swedish 
material the parenchyma forming the bulk of the tubers consisted of approxi- 
mately spherical or cylindrical cells of a width of 70 and a length of about 
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140 u (cf. Reinders 6). Thus there are few undamaged cells in sections less 
than 0.2 mm. thick, and for plasmolytical tests the sections must be consider- 
ably thicker, because the determination of incipient plasmolysis requires 
observations of the major part of the tissue, not only of single cells. The 
surfaces of the sections are, of course, covered by a layer of damaged cells 
and all observations must be made in the interior, where it is extremely 
difficult to obtain sharp views. Furthermore, the cytoplasm is unusually thin, 
and incipient plasmolysis can in such instances hardly be observed without 
colouring the plasmolyticum. However, this is of no use here, because the 
cells to be observed are covered by a layer of damaged cells 0.1 to 0.2 mm. 
thick. 

More advanced plasmolysis can be observed macroscopically if the cell 
walls shrink and the tissues become flaccid. In order to repeat Bonner’s 
tests sections of appropriate thickness were observed in 0.2 and 1.0 M solu- 
tions of mannitol. No shrinkage of the cell walls nor clear pictures of 
plasmolysis could be observed under the microscope, but tissues in 1.0 M 
mannitol usually became flaccid. Even this failed to occur in one instance, 
and the sap then showed a freezing point corresponding to a 0.9 M solution. 

Since no clear information could be gained in this way, an attempt was 
made to determine the osmotic value by means of a gravimetric estimation of 
the suction force of the tissue. Just as in the ensuing growth experiments discs 
of the exact dimensions of 8X2 mm. were cut out according to the prescrip- 
tions of Bonner. They were rapidly rinsed in a large volume of water and in 
lots of 50 placed in 50 ml. solution of varying mannitol concentrations. 
They were weighed after 1, 5.5, 30, and 54 hours. In order to reduce growth 
and metabolism the tests were carried out at +3° C. Figure 1 shows, how- 
ever, that equilibrium had been practically attained already after 1 hour in 
spite of the low temperature, except in 1.0 M mannitol. The freezing point 
determination of the initial material indicated an osmotic value of 0.495 M, 
and a weight curve of approximately the shape as curve b in figure 2, with 
a sharp bend at 0.5 M, was to be expected. Construction of such curves on, 
e.g., potato tissue is elementary class work. The results with Helianthus 
tubers gave, however, curve a in figure 2, and slight flaccidity of the discs 
was noted only in 1.0 M. 

Freezing point determinations after 54 hours gave the surprising result 
that the osmotic value had increased with increasing mannitol addition 
(curve c), and that the tissues in 1.0 M actually were near incipient plas- 
molysis (curve e). Without mannitol the osmotic value had decreased to 
0.433 M partly owing to water absorption. If the real consumption of solutes 
is supposed to be constant and the residue subtracted from the actual 
osmotic values, corrected figures for the increase in osmotic value can be 
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80 
OFFS. 5 30: Hours 


Figure 1. Loss of water from tissue discs to mannitol solutions at +3° C. — On the 
abscissa time in hours, on the ordinate fresh weight in per cent of initial weight. To the 
left the concentrations of mannitol in M. 


obtained (curve d). It is very nearly proportional to the mannitol con- 
centration. 

The increase may depend either upon hydrolysis of inulin or permeation 
of mannitol. The former seems to be hardly likely, because the tubers 
had been stored at +3° C and the tests were carried out at the same tem- 
perature. The tubers should then also possess some rather accurate mecha- 
nism of osmo-regulation by anatonosis, which is absent at a higher tem- 
perature (table 1). A permeation is probable, but there is no simple diffusion 
equilibrium either. The ratio external: internal concentration amounts to 
2: 1. Even root cells are permeable to mannitol although only slightly (3), 
and a much higher permeability of the tuber tissue could be connected with 
their unusual ability of storing sugars of a high molecular weight. 

That infiltration of intercellularies by the plasmolyticum cannot explain 
this increase is shown, for instance, at 0.5 M which ought to be isotonic 
with the cell content. Thus infiltration could not change the concentration 
of the sap, but it has actually increased to 0.75 M. Reinders (5) has also 
shown that intentional infiltration does not increase the fresh weight more 
than a few per cent. 
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Figure 2. The osmotic conditions of the discs from figure 1 after 54 hours. — On the 

abscissa the concentration of mannitol in M, on the ordinate: curve a fresh weight found; 

b approximate fresh weight expected with an osmotic value at incipient plasmolysis of 
0.5 M; c osmotic value found; d corrected increase in osmotic value; e wall pressure. 


Growth experiments 


Experiments were carried out in order to repeat exactly Bonner’s growth 
tests, but with detailed records of the osmotic values of the tissues. The 
results shown in table 1 are taken from an experiment, which with regard 
to composition of the solutions, temperature, treatment of the material, and 
duration of the tests tallies with those of Bonner et. al. Corresponding data 
extracted from their paper are included in the table. Mannitol was added in 
0.2 M and auxin in 5 mg. per liter. 

The measured growth is fairly similar to that in Bonner’s experiments, 
but the osmotic values are much higher. They decrease slightly with the 
addition of auxin (cf. 4) and increase as usual with mannitol. Nevertheless, 
there is no reason whatsoever to assume that water is taken up by some active 
mechanism; it can wholly be explained by the high osmotic value of the 
tissues. It may or may not be a mere coincidence that Bonner observed water 
absorption in mannitol concentrations up to 0.4 M, and that osmotic values 
below that figure have never been recorded in our experiments. 

The apparent consumption of osmotic material in the growing tissues 
may be explained by the increased respiration, but it is neither necessary 
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Table 1. The growth of tissue discs at 25° C with mannitol 0.2 M and IAA 5 mg per liter. 
ne Pre ARR ee RE TR 


Fresh weight after days | Fresh weight After four days 

Treatment acc. to Bonner ae 2 
et. al. (1) osmotic value | osmotic value 

1 2 3 4 of the sap M x weight 
Controls 107.4 | 112.0| 113.7 | 114.4 105 0.425 0.486 
IAA ...... 111.2} 123.0 | 129.8 | 134.1 148 0.307 0.411 
+ mannitol 99.8 | 100.5} 101.3 | 102.2 98 0.549 0.561 
mann.+IAA| 100.2| 103.4| 106.2 | 108.5 116 0.470 0.510 
initially ...... 100.0 100 0.500 0.500 


nor in this instance justified to link it up with a metabolic water absorption. 
Growth may be connected with respiration and other parts of the metabolism 
just as well if it depends upon changes in the properties of the call wall. 


The author is indebted to prof. K. V. Thimann, Harvard Univ., for valuable 
suggestions and criticizm. 


Summary 


Dormant tubers of topinambur (Helianthus tuberosus, Jerusalem arti- 
choke) contain soluble carbohydrates of higher and lower molecular weights 
in concentrations of at least 0.5 M. If tissue discs are placed in mannitol 
solutions the osmotic value of the cells increase rapidly in proportion to 
the mannitol concentration; osmotic values of 1.0 M have been observed after 
48 hours. The same holds true in growth experiments with added auxin, and 
if the osmotic conditions of the tissues are duly considered there is no 
question of an active water absorption in the material used in these 


experiments. 
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The seedlings of many woody species show well-marked photoperiodic 
responses in relation to dormancy. (For a review of this subject, see Wareing, 
1948). In general, short days hasten the onset of dormancy (as indicated by 
cessation of shoot-growth and the formation of resting-buds) while long 
days have the reverse effect and delay or even entirely suppress the normal 
onset of dormancy. Not only may the onset of dormancy be prevented by 
exposure to very long photoperiods, but in certain species of Pinus premature 
expansion of the developing buds may be induced by exposing the plants to 
continuous illumination (Phillips, 1941; Wareing, 1951). The production of 
"Lammas shoots’ (’Johannistriebe’) by seedlings of oak (Quercus spp) under 
long photoperiods appears to be an allied phenomenon (Leman, 1948). Since 
this premature expansion of the buds in Pinus occurs in seedlings in the leafy 
condition, it is possible that in such cases the photoperiodic stimulus originates 
primarily in the mature leaves and not directly in the bud itself. In this case, 
the position would be quite comparable with that in herbaceous species, 
where photoperiodic perception is well-known to be mediated through the 
mature leaves. Several instances have been reported, however, in which the 
breaking of dormancy was hastened by exposure of the buds to long day 
conditions even when the seedlings were in the leafless condition. Thus, 
Klebs (1914), in an exhaustive series of experiments, showed that leafless 
seedlings of beech break dormancy rapidly when exposed. to continuous 
illumination from electric lamps. Kramer (1936) brought seedlings of various 
woody species into the greenhouse from out-of-doors jin January, and 
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observed that the buds broke dormancy more rapidly under long days, 
although breaking ultimately occurred also under short days. Gulisashvili 
(1948) exposed leafless seedlings of various woody species to continuous 
illumination in a greenhouse, the treatment being commenced on 29th Oc- 
tober for one batch of plants and on 9th January for the second batch. 
In both cases, breaking of dormancy occurred much more rapidly under 
continuous illumination than in the control plants, which were exposed to 
natural daylengths. Olmsted (1951) investigated the interaction between 
chilling and photoperiodic treatment in Acer saccharum, and found that 
breaking of dormancy in unchilled seedlings occurred more readily under 
a 20-hour photoperiod than under natural daylengths or short days. Van der 
Veen (1951), also, was able to obtain breaking of dormancy in unchilled 
seedling of Populus spp. by exposure to long photoperiods. 

These various reports would seem to indicate that light may have a direct 
effect upon the buds of various woody species. The experiments cited above, 
however, cannot be held to have established beyond doubt that we are 
dealing here with a true photoperiodic effect. The more rapid bud-break 
observed under long photoperiods might simply indicate that the operative 
factor is the total duration of illumination over a number of cycles. This 
was, indeed, the opinion of Klebs, (loc. cit.). Moreover, temperature dif- 
ferences arising from the illumination conditions were apparently not 
eliminated in some of the experiments cited, and only in the case of the 
experiments by Olmsted and Van der Veen was any attempt made to dis- 
tinguish between the responses of chilled and unchilled buds. The following 
experiments were, therefore, carried out with seedlings of beech (Fagus syl- 
vatica L.) to determine (1) whether the effect of light upon bud-break is of 
a photoperiodic nature, and (2) if so, how far the associated phenomena are 
comparable with photoperiodic effects in herbaceous species. 


Experimental 


The experiments were carried out with 1-year beech seedlings. In the 
preliminary experiments the plants used had been grown in pots out-of-doors 
during the summer. 


In order to avoid any effects due to exposure to cool temperatures, the plants 
were transferred to a warm greenhouse in early September and by the end of 
September all plants had ceased extension growth and had formed terminal resting 
buds. Since one of the first objects of the investigation was to determine whether 
or not bud-break is affected by the total duration of light received (i.e. the summa- 
tion of the number of hours of light-exposure), on 3rd October the plants were 
defoliated by hand and transferred for storage to a dark cupboard in a sub-base- 
ment room, and were maintained at a practically constant temperature of 157% 
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Thus the plants received no light from shortly after the time the buds had fully 
developed until the commencement of the experiments. Not a single bud broke 
dormancy under the conditions of storage, although some of the plants remained 
viable in darkness for as long as 6 months. 

The experiments were carried out in a growth-cabinet consisting of two identical 
compartments, each of which contained ten 80-watt ‘daylight’ fluorescent tubes, 
spaced 3 inches apart. The tubes were screened from the main growth section (con- 
taining the plants) by sheets of glass. A constant stream of cool air was drawn over 
the tubes by means of an extractor fan in the roof of the cabinet. In this way 
effective cooling was provided, and it was possible to maintain the growth sections 
at a constant temperature of 20° C in both light and darkness, by means of an 
electrical tubular heater, controlled thermostatically. The light intensity at plant 
level was approximately 10,000 lux as measured by a photocell. 


Experiment 1. 


On 22nd October, plants were transferred from the dark to the growth 
cabinet, and divided into 4 series, each containing 11 or 12 plants. The 
plants were exposed to daily photoperiods of 12, 16, 20 and 24 hours respec- 
tively. During the daily dark periods the plants were transferred to dark 
covers, and were maintained at a constant temperature of 20° C in both light 
and dark. 

The dates were recorded on which the terminal bud of each plant broke 
dormancy. A bud was deemed to have broken dormancy when the tip of a 
new leaf became visible beyond the scales, although signs of swelling were 
observable for some days before this stage was reached. The time to break 
dormancy, using this criterion, will be a function of the rates of both inter- 
node extension and leaf-growth. 

The data are given in Table 1. The buds of the plants kept under 20-hour 
and 24-hour photoperiods first began to break some 8—10 days after the 
commencement of the experiment, and all the plants of the 24-hour series 
had broken dormancy within 27 days. The plants of the 16-hour series 
began to break after 24 days of treatment, but only 5 out of 12 plants had 
broken dormancy when the experiment was terminated after 46 days of 
treatment. No buds of the plants of the 12-hours series expanded, although 
some of the buds showed an initial swelling, but they did not proceed beyond 
this stage. 

There is thus no clear-cut ’critical’ daylength for the breaking of dormancy, 
the response of the plants increasing progressively with increasing length of 
photoperiod. Nevertheless, there is no evidence that the total duration of 
light exposure over the whole period of treatment is the operative factor, for 
the total period of light exposure for the 12-hour series amounted to 552 
hours at the end of the experiment and this was quite ineffective. On the 
other hand, the total period of light received by the 20-hour series at the date 
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Table 1. Effect of length of photoperiod on breaking of beech buds. 


Daily light period Total number of No. of plants breaking| Time for 50 Wo of 
(hours) plants dormancy after plants to show 
46 days breaking 
12 11 0 = 
16 12 > 46 days 
20 el 9 14 days 
24 11 11 14 days 


on which 50 per cent of the plants showed breaking was 280 hours. It is evident 
that the total duration of light exposure over the whole period of treatment 
is not the factor determining bud-break in beech. This conclusion was fully 
confirmed by later experiments. 


Experiment 2. 


It is well-established that the flowering response in both ’short-day’ and 
‘long-day’ herbaceous species is markedly affected by the absolute lengths 
of the light and dark periods, and is profoundly modified if the dark period 
is interrupted by a period of illumination, even though the total daily periods 
of light and dark remain unchanged. A small-scale preliminary experiment 
was conducted to determine the effect on bud-break of interrupting the dark 
period. Three groups, each of six plants which had been maintained under 
warm, dark conditions since the onset of dormancy, were exposed to the 
following light regimes in the growth cabinet: — 


Group A — Two 6-hour light periods, alternating with two 6-hour dark 
periods per day. 

Group B — 12 hours light and 12 hours dark, the latter interrupted by 
30 minutes of light at the full intensity (10,000 lux). 

Group C — 12 hours light and 12 hours of uninterrupted darkness. 


After 32 days of these treatments all the plants of Group A had broken 
dormancy, while those of Groups B and C remained fully dormant. This 
result provides striking evidence for the view that these effects in beech buds 
are of a photoperiodic nature, for the same total periods of light and dark- 
ness were received by both Group A and Group C, although the responses 
were entirely different. Interruption of the dark period by 30 minutes of 
light was not sufficient to bring about bud break (see Experiment 4 below, 
however). 

Following these small-scale preliminary experiments, several more exten- 
sive experiments were conducted. As the number of plants remaining from 
the original batch, which had been stored under warm, dark conditions, was 
not sufficient for more large scale experiments, plants were used which had 
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been grown in the open and had been left out-of-doors until early January. 
(These plants were kindly supplied by the British Forestry Commission, 
and were derived from seed collected in Southern England). The seedlings 
were planted in pairs in pots on 12th January and were stored in darkness 
at 15° C. until required for use. All plants remained dormant under these 
conditions, even after 3—4 months. Although the plants had not been pro- 
tected from chilling prior to the time at which they were potted, it was found 
that there was no objection to using these seedlings in the later experiments 
since there proved to be no appreciable difference between the photoperiodic 
responses of these plants and those used in Experiments 1 and 2, as shown 
by the following observations. Twenty pots of the plants brought from out- 
doors in January were immediately placed in a cold-room (maintained at 
0—5° C) and stored there until 9th March. On the latter date, the plants 
were divided into three groups, which were transferred to the growth cabinet 
and exposed to (a) 18-hour day (b) 12-hour day and (c) continuous darkness. 
The only group which broke dormancy was that exposed to 18-hour daily 
photoperiods. Thus, there appears to be no appreciable effect of a period of 
low-temperature treatment on the subsequent photoperiodic responses of 
beech buds. 


Experiment 3. 


It is well known that two light-reactions are involved in the photoperiodic 
responses of herbaceous species viz. (1) a ’primary light reaction’, in which 
the quantitative light requirements are relatively high, and (2) a ’secondary 
light reaction’, which is effective at very low light intensities (of the order 
of 10 lux) when used to supplement a period of high intensity illumination 
(see for example, Lang, 1952). The primary light reaction of herbaceous 
species appears to be connected with photosynthesis and might, therefore, 
be expected not to occur in buds, but the presence of chloroplasts in the leaf 
primordia and in the basal tissue of the bud scales (see p. 700) indicates that 
the possibility of photosynthesis in such tissues is not excluded. Moreover, 
Klebs (loc. cit.) observed that beech buds will not respond to continuous 
illumination in the complete absence of CO,. The object of the present 
experiment was, therefore, to determine whether there is any evidence that 
two light-reactions are involved in bud-break, and if so, what are the quan- 
titative requirements of such reactions. 


The experiment was carried out with plants which had been brought from out- 
of-doors in January and planted in pots. One hundred and forty plants were 
selected and divided into 14 equal groups. Twelve of these groups were exposed to 
high intensity illumination (10,000 lux) for 3, 6, or 12 hours and then to low 
intensity illumination at one of the following intensities for periods of 15, 12 or 6 
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Table 2. Effect of Light Intensity on breaking of dormancy. Mean number of days to 
break dormancy (10 plants per treatment). 


oo 


Light treatment Intensity of supplementary illumination 
Full intensity Supplementary - 
(hours) illumination (hours) 250 lux | 500 lux | 1,000 lux | 2,000 lux | 10,000 lux 
3 15 41.8 + 1.4/40,5 408/99. + 0. = | 
6 12 40.5 + 0.6 38.5 + 1.6 32.6 + 1.7/32.8 + 1.0), 33.0 + 1.6 
12 6 40.0 + 0.9/34.6 + 1.1133.1 4 0.8/31.7 4+ 1.2 


hours respectively, so as to make a total photoperiod of 18 hours in each case: 
viz. 250, 500, 1000 and 2000 lux. The two remaining series of plants were exposed 
to photoperiods of 18 and 12 hours respectively, given entirely at the high intensity. 
The lower light intensities were obtained by inserting sheets of white paper between 
the fluorescent tubes and the glass of the growth cabinet, the resulting spectral 
changes being only slight. In this way one side of the growth cabinet was divided 
into 4 sections, each at a different light intensity. The various combinations of 
high and low intensity exposures were obtained by transfer between the two sides 
of the growth cabinet. 


The number of plants showing breaking of the terminal bud was deter- 
mined for each group daily, and the results are summarised in Table 2. 

Breaking of the buds was much slower than in the preliminary experi- 
ments, a fact which must probably be ascribed to a deeper state of dormancy 
in these plants which had previously been kept out of doors. It will be seen 
that the mean number of days of exposure necessary to break dormancy 
was practically the same for all treatments in which the intensity of supple- 
mentary illumination was 1000 or 2000 lux, i.e. with the latter intensities 
the duration of exposure to high intensity illumination did not affect the 
mean time to break dormancy. Moreover, the breaking of dormancy was 
no further hastened when 18 hours of full intensity illumination was used. 
On the other hand, with supplementary illumination at 500 and 250 lux 
there was a significant delay in bud-break. 

The 12-hour photoperiod series behaved as previously, viz. there was a 
slight swelling of the buds, but after 50 days the buds of only three plants 
were sufficiently developed to be categorised as having broken dormancy. 

It seems clear from these results that under the conditions of the experi- 
ment the light requirements for breaking were fully met by an intensity of 
1000 lux and that there is no evidence that two distinct light reactions are 
involved. These results agree with those of Klebs, who found that beech buds 
broke dormancy at approximately the same rate under continuous illumina- 
tion at various intensities from 700—6000 lux. With 400 lux, however, the 
buds broke only with difficulty and at 250 lux there was no breaking. 
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Experiment 4. 

The following experiment was carried out to obtain confirmation of the 
results of Experiment 2, in which it was found that short light periods are 
effective in promoting bud break, provided the accompanying dark periods 
also are short. 

Eighty four plants were selected and divided into seven equal groups. The 
experiment consisted essentially of two sections. In the first section, four 
groups of plants were exposed to either (a) 18-hour photoperiods and 6-hour 
dark periods, or (b) 6-hour photoperiods alternating with 6-hour dark 
periods. Each treatment was run at two different light intensities viz. 1000 
and 2000 lux. The results are summarised in Table 3. 

A number of points of interest emerge from the results. Firstly, it is seen 
that an 18-hour photoperiod given entirely at an intensity of 1000 lux is 
quite effective in bringing about breaking of the buds. Indeed, breaking 
occurred significantly faster at 1000 lux than at 2000 lux. The new shoots 
produced under 1000 lux intensity were more etiolated than at 2000 lux ie. 
they had longer internodes and had smaller leaves than was the case with 
the plants at 2000 lux. It seems possible that the more rapid breaking 
observed at 1000 lux was due to the rapid extension of the internodes at this 
intensity. 

Secondly, it is seen that breaking occurred almost as quickly under a 
regime of (6 hours light+6 hours dark) as under (18 hours of light+-6 hours 
dark). The object of giving a (6+6) regime at two different intensities was 
to ascertain whether the ’saturation’ intensity was increased by this treat- 
ment. The results give no evidence that this is the case, however. 

In the second section of the experiment, which ran concurrently with the 
first, there were three groups of plants. It was found in Experiment 2, that 
interruption of a 12 hour dark period by 30 minutes of light was not effec- 
tive in promoting bud break. In the present experiment, two groups were 
exposed to 11 hours at the full light intensity, together with 1 hours’ illumina- 
tion during the middle of the 13-hour dark period. This ‘light break’ was 
given at two different light intensities viz. 2000 lux and 10,000 lux respec- 
tively. The third group constituted a ’control’ series, exposed to 12 hours of 
light and 12 hours of uninterrupted darkness. These latter plants behaved 
as previously viz. after 30 days the majority were still dormant, but three 
plants had advanced sufficiently to be classed as having broken dormancy, 
although even then these buds remained at a very early stage of development. 
On the other hand, breaking in the plants which received a ‘light break’ 
during the dark period was very markedly hastened by this treatment and 
1 hour at 1000 lux produced even more rapid breaking of the buds than at 
2000 lux. (Table 3). 
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Table 3. Effect of various photoperiodic treatments on breaking of dormancy. (12 plants 
per treatment). 
ee ru er EA DE BP N a DEE BI EN 1 FE 


é é Mean time to break 
Photoperiod Dark period dormancy (days) 

18 hours (1,000 lux) 6 hours 10.5 + 0.9 
18 hours (2,000 lux) 6 hours 14,3 + 1.1 
6 hours (1,000 lux) 6 hours 14.2 + 0.9 
6 hours (2,000 lux) 6 hours 14.3 + 1.1 
11 hours (full intensity) | 12 hours, interrupted by 1 hour of 

light at 1,000 lux 19-17 0.6 
11 hours (full intensity) | 12 hours, interrupted by 1 hour of 

light at 2,000 lux 23.0 + 1.5 
12 hours (full intensity) | 12 hours — 


Thus, although the preliminary experiment (Experiment 2) indicated that 
a 30 minutes light-break was ineffective, a light-break of 1 hour is effective, 
even at the comparatively low intensity of 1,000 lux. 

The results of both sections of this experiment provide convincing evidence 
that we are dealing here with photoperiodic effects. 


Experiment 5. 


In herbaceous species there is generally no flowering (in either ‘long day’ 
or short day’ species) when the plants are subjected alternately to inductive 
and non-inductive cycles. (Long, 1939; Naylor, 1941). That is to say, under 
such conditions there is very little, if any, summation of the effects of favour- 
able photoperiodic cycles. In order to test whether this is true also for bud- 
break, a series of plants was exposed alternately to 18-hour and 12-hour 
photoperiods. The ’control’ was the 12-hour series of the preceding experi- 
ment, which ran concurrently with the present experiment. It was found 
that under such conditions the buds broke dormancy rapidly (the mean time 
to bud break being 18.3 days), so that it is clear that there is here a definite 
summation of the effects of ‘long days’, although alternating with ’short 


days’. 


Experiment 6. 


It was shown by Klebs (loc. cit.) that in order to effect the breaking of 
dormancy, the buds themselves must be directly exposed to the light. This 
was done by covering the buds with tin-foil and exposing the remainder of 
the twig to continuous illumination. Under these conditions no bud-break 
occurred. Similar experiments by the present author have confirmed these 
results. This establishes that photoperiodic perception arises in the buds 
themselves. Dissection of the buds shows that the scales are brown and 
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scarious where exposed, but that where they overlap each other at the base, 
they consist of fresh, almost transparent, living tissue. It seemed possible, 
therefore, that photoperiodic perception is mediated through this living 
tissue of the bud-scales and that there is no direct effect upon the primordial 
tissues. This possibility was therefore investigated. The bud-scales can be 
pulled off by means of forceps, leaving the intact leaf-primordia exposed 
and undamaged (Figure 1). The buds of 20 seedlings were prepared in this 
manner and each bud was then covered with a transparent gelatine capsule, 
plugged at the base with cotton-wool, in order to reduce the water loss 
resulting from removal of the bud scales. Ten of the treated plants were then 
exposed to continuous illumination at 3000 lux, while the remaining 10 
treated plants were exposed to daily photoperiods of 10 hours. An equal 
number of plants with intact buds were also exposed to these two photo- 
periodic treatments. After 6 weeks, the plants under continuous illumination 
had broken dormancy in both the ’intact’ and ’descaled’ series, but the plants 
of neither series had broken dormancy under 10-hour photoperiods. Thus 
continuous illumination promotes the growth of the buds, even in the absence 
of the bud-scales, and hence there must be a direct effect of light on the 
primordial tissue itself. 

Since the light must penetrate the scales to reach the leaf and internode 
primordia, an attempt was made to estimate the fraction of the incident light 
penetrating the scales. In order to determine their transmission charac- 
teristics, bud scales were removed, placed between slides and cover-glasses 
and mounted in a photographic enlarger. The mean light intensity at bench- 
level was then measured with a photocell, with and without a bud scale in 
position. In this way an estimate of the percentage of light transmitted by 
the upper and lower portions of the bud scales was obtained, and indicated 
that approximately 7 per cent of the light was transmitted by the brown 
portion and 35 per cent by the transparent basal portion. (These figures take 
no account of spectral changes resulting from transmission through the bud 
scales.) Examination of the buds showed that any given leaf-primordium is 
usually overlapped by one thickness of dead (brown) scale tissue, and two 
or three layers of the transparent basal portions of scales. On this basis, 
approximately 0.7 per cent of the incident light would actually penetrate the 
bud scales to the leaf primordia. Now it was found in Experiment 3 that with 
18-hour photoperiods an intensity of 1000 lux was fully effective in bringing 
about breaking of dormancy in intact buds, and this would correspond to 
an intensity within the bud of 7 lux. Further evidence that light intensities 
of this order are effective in stimulating bud-break in beech was obtained as 
follows. The scales were removed from the terminal buds of 36 plants, which 
were then divided into three equal series. Two series of plants were exposed 
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Figure 1. Terminal bud of beech from which scales have been 
removed and showing rudimentary leaves. (X2) 


to continuous illumination from 60-watt tungsten-filament lamps which were 
situated on two opposite sides of the plant, and at distances which produced 
an intensity of 20 lux in the case of one series of plants and of 100 lux in 
the case of the other. The third group was maintained in continuous dark- 
ness. Both series of plants exposed to continuous illumination had clearly 
broken dormancy within 18 days, development being slightly more rapid at 
the higher intensity. At this time all the plants in darkness were still dormant. 
Thus, intensities as low as 20 lux are effective in stimulating growth when 
the bud-scales are removed. 

After the experiment had been terminated, the ‘dark’ series of plants was in- 
advertently left to continue in darkness, and several weeks later it was found that 
the descaled buds of several of the plants had grown and had formed long etiolated 
shoots. As the growth of intact buds had never been observed to occur in complete 


darkness, it is possible that the operation of removing the bud scales had stimulated 
growth by a wound reaction’. The matter requires further investigation. 


Discussion 


It is clear from the experiments described above that the stimulation of 
growth in beech-buds by light is of the nature of a photoperiodic pheno- 
menon. It is of interest, therefore, to consider how far photoperiodism in 
dormant buds in comparable with the well-known phenomena in herbaceous 
species. There is good evidence that the basic light and dark reactions 
involved in the photoperiodic responses of leafy seedlings of woody species 
are of the same nature as those occurring in herbaceous species (Wareing 
1951). Hence it might be anticipated that the processes involved in the 
responses of dormant buds would also show certain features common to all 
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plants showing photoperiodic phenomena. It has been shown that in beech- 
buds there is evidence for only a single light reaction, which reaches ’satura- 
tion’ at quite low light intensities (of the order of a few lux within the bud 
itself). There is no evidence for any reaction involving high light intensities, 
as is the case with herbaceous species. This observation agrees with the 
view that the ‘high’ light reaction is connected in some way with photo- 
synthesis, (Hamner, 1947; Lang, 1952) and hence would be expected to 
occur only in plants with mature green leaves. The low light intensities 
involved in these effects with beech buds suggest that possibly the reaction 
corresponds to the ’secondary’ light reaction of herbaceous species. It is 
well-known that the effect of darkness in both ’short-day’ and ‘long-day’ 
plants can be nullified by quite low light-intensities, of the order of 10 lux 
or less. Moreover, the action spectrum for this secondary light reaction 
appears to be the same as that involved in leaf-growth and stem-growth 
in etiolated peas and barley (Parker et al., 1949; Borthwick et al., 1951}. 
This latter observation is of special interest for the present discussion, since 
in beech buds it is primarily leaf- and internode-growth which are affected. 
In the case of etiolated seedlings, however, extension of the internodes is 
inhibited by those spectral regions most active in photoperiodism, whereas 
the present experiments indicate a stimulation of both leaf-growth and 
internode extension by light. This anomaly can possibly be resolved by the 
observations of Thomson (1950, 1951) who found that growth of internodes 
in Avena seedlings during the phase of cell division is actually promoted 
by light, and it is only in the later stages of development that internode 
growth is inhibited, apparently due to the earlier cessation of both cell- 
division and cell-extensien under the influence of light. Moreover, a high 
proportion of long-day species develop extended internodes under long photo- 
periods but have a rosette-habit (i. e. unextended internodes) under short 
photoperiods. Internode extension is promoted by interrupting the dark 
period by a light-break, however, and the action spectrum for this photo- 
reaction in the long-day species Wintex barley (Hordeum vulgare) is 
apparently the same as that for flower-initiation (Borthwick et al. 1948) 
and for internode-inhibition in etiolated barley. The effects of various spectral 
regions on leaf and internode development have been studied by Wassink 
and his co-workers (Wassink et al. 1951, 1952; Stolwijk, 1952.), who find 
that whether stimulation or inhibition occurs at any given spectral region 
depends partly on the intensity of the radiation used. 

The locus of perception for photoperiodic stimulation of internode growth 
is not known for herbaceous species, but in Pinus silvestris the effect of low- 
intensity radiation appears to be ‘perceived’ directly in the extending inter- 
nodes and is not mediated through the mature leaves (Wareing, 1950). There 
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is thus much evidence that light may have a direct promoting effect on 
meristematic tissues, and hence the photoreaction involved in the growth of 
beech buds may be one which is of general occurrence in the normal inter- 
node- and leaf-development of all higher plants. 

The postulation of a growth-promoting light-reaction does not, of itself, 
fully account for the photoperiodic nature of the effects in beech buds, for 
it has been shown that the operative factor is not simply the total number 
of hours of light-exposure, but that a certain total duration of illumination 
given as long photoperiods is much more effective in breaking dormancy 
than the same duration given as short-days. Moreover, a total daily light 
exposure of 12 hours in two periods each of 6 hours’ duration is effective, 
whereas a single period of 12 hours’ illumination per day is not. This latter 
observation suggests that the absolute length of the dark period is important 
(rather than the length of the photoperiod), as is the case also in certain 
herbaceous species. (Hamner, 1950; Lang, 1952). Nevertheless, there appears 
to be no clearly defined ‘critical’ dark period in beech buds (Experiment 1), 
as there is for the flowering response in both short-day long-day species. 
It is generally held that in the latter there is an active ’dark reaction’, the 
effect of which may be completely nullified if the dark period is interrupted 
by a short period of illumination. A similar type of ’light-break’ effect was 
observed in beech buds (Experiment 4), but sufficient evidence is not yet 
available to determine how far the phenomena are comparable in the two 
cases. In the case of the flowering response in short-day plants, the effec- 
tiveness of the dark period depends upon a prior period of illumination at 
relatively high light intensity (primary light reaction’) but this requirement 
may alternatively be met by artificially supplying .the leaves with sugar 
(Bonner, cited by Lang, 1952). The absence of any corresponding high- 
intensity light requirement in beech buds may be due to the presence of 
adequate reserve materials in the twigs. If there is a positive dark reaction 
in beech buds, its effect must be inhibitory of growth and the response of 
the bud would then depend upon an interaction between the growth- 
promoting effects of light and the inhibitory effects of darkness, such as 
has been postulated for seedlings of Pinus silvestris (Wareing, 1951). 

This conclusion is quite compatible with the hypothesis put forward by 
Borthwick, Hendricks and Parker (1952) for the light-sensitive reactions 
in lettuce seed, and it may well prove that the basis of dormancy in beech- 
buds is directly comparable to that in light-sensitive seeds. 

It is of interest to consider how far the time of bud-break in beech is 
controlled by daylength under natural conditions. It is well-known that with 
many woody species it is necessary to chill the buds for a certain period 
before normal breaking will ocur. Once this low-temperature requirement 
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has been met, however, the buds will expand when transferred to higher 
temperatures regardless of the daylength conditions, and even in complete 
darkness. This is true, for example, of Pinus silvestris (Wareing, 1950), 
Acer pseudoplatanus, Quercus robur, Robinia pseudacacia etc. (author, un- 
published). The behaviour of beech, is markedly different, however, since 
even after a prolonged period of chilling the buds still require exposure to 
relatively long photoperiods before they will expand (p. 696). This agrees 
with the observations of Klebs (loc. cit.) that even when beech twigs were 
collected from out-of-doors as late as 25th March, the buds did not break 
dormancy if transferred to a warm, dark cupboard. Klebs also observed 
that beech seedlings kept in a warm greenhouse remained dormant through- 
out the winter, but expanded in March, and the present author has con- 
firmed this result. These observations suggest that under warm conditions 
the breaking of dormancy of beech will not occur until the natural daylength 
exceeds about 12 hours. Under natural conditions in Great Britain, however, 
bud-break in beech occurs somewhat later than in the greenhouse, which 
suggests that temperature conditions may be the controlling factor in this 
region. In regions with higher spring temperatures (the geographical distri- 
bution of beech includes, for example, Spain and the Crimea), daylength 
may, however, possibly become the controlling factor for the time of bud- 
break. The occurrence of a photoperiodic mechanism controlling the time 
of bud-break in a species which has no chilling requirement suggests that 
photoperiodism may be of special importance for the breaking of dormancy 
in woody species in tropical and sub-tropical regions. 

The author is indebted to Mr. R. F. Wood of the British Forestry Commission 


for kindly arranging the supply of beech seedlings from the nurseries of the Com- 
mission, for this investigation. 


Summary 


1. It is shown that the stimulation of bud-break in beech (Fagus syl- 
vatica L.) by light is a photoperiodic phenomenon. The buds of leafless 
seedlings of beech readily break dormancy under long days, but remain 
dormant under daylengths of 12 hours or less. 

2. With intact buds, the light-requirement is fully ‘saturated’ at an inten- 
sity of approximately 1000 lux, and there is no evidence for more than one 
light-controlled reaction. 

3. The response of the buds appears to be governed by the length of the 
daily dark period, rather than by the length of the photoperiod. The buds 
break dormancy with cycles which include short light periods, provided 
that the associated dark periods also are short. Interruption of a long dark 
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period by a ’light-break’ of one hour nullifies the effect of the dark period 
and results in bud-break. 

4. Bud-break occurs when favourable and unfavourable cycles are given 
alternately. 

5. When the bud-scales are removed by hand, so that the meristematic 
tissue is left intact, growth of the leaves and internodes is promoted by 
exposure to continuous illumination indicating a direct effect of light on the 
meristematic tissue. 

6. Determinations of the light-transmissive properties of the bud-scales 
indicate that approximately 0.7 per cent of the incident light penetrates to 
the meristematic tissue. Hence with incident light of 1000 lux intensity, the 
effective intensity within the bud is of the order of 7 lux. Stimulation of 
growth of ’de-scaled’ buds occurs with light intensities as low as 20 lux. 

7. It is shown that beech buds appear to have no ’chilling’ requirement, 
and that the time of bud-break under natural conditions may in some 
regions be controlled by seasonal changes in daylength. 

8. It is postulated that the photo-reaction involved in these effects cor- 
responds to the ’secondary light reaction’ observed in the photoperiodic con- 
trol of flowering in herbaceous species. This same reaction may be of general 
occurrence in normal leaf- and internode-development. 
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Factors Controlling Meristematic Activity in Excised 
Roots IV. Habituation of the Main Axis Meristem 
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Introduction 


In a previous paper of this series (Street, McGonagle and Roberts, 1953) 
an experiment (Expt. No. 3) was described in which excised tomato roots 
were carried through fifteen 7-day passages in standard culture medium by 
repeated subculture of the main axis meristems. The ’survival curve’ for 
these cultures showed an initial period of high survival (Passages 1—5), 
followed by a period of rapidly declining survival (Passages 6—10) which 
in turn gave place to a third phase during which the surviving apices were 
cultured without further loss (Passages 11—15). During the period of declining 
survival mean values for increase in main axis length and for number 
of laterals per root were depressed, but both the initial and final periods of 
high survival were characterised by good growth. It was suggested that the 
roots which survived into the second period of high growth rate had acquired 
a higher expectation of survival. Such a hypothesis requires (i) that the 
general form of the ’survival curve’ be reproducible and that the second 
phase of high survival persist when subculture is continued through more 
passages than had been undertaken in the experiment described; (ii) that the 
process of repeated subculture of the main apex is not affecting a separation 
of genotypes. 


1 Present address: Glaxo Laboratories Ltd., Stoge Poges, England. 
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It was also not clear whether the depression of mean growth values which 
appeared to precede or coincide with, the periods of falling survival number 
was due to decrease in growth rate of roots about to cease activity, or 
represented a general fall in growth rate of the whole population. Only if 
the latter represented the true situation could it be concluded that all roots 
pass through a critical period when they are likely to cease activity and 
that those which survive this period have been modified by repeated sub- 
culture through the main apex and in this condition have a high growth rate 
and a high expectation of survival. 

Roots which, on repeated subculture, maintain a high growth rate and 
are characterised by a high expectation of survival are subsequently referred 
to as ’habituated’ roots. This term is used to facilitate description of the 
experimental results now reported although it is as yet not clear whether 
the process of apical subculture has selected such roots from a mixed clonal 
population or whether all clonal roots are capable, under appropriate condi- 
tions, of becoming ’habituated'. 


Experimental 


The roots used in the present study were derived from our clone of Lyco- 
persicum esculentum Mill. (Best-of-All). Standard culture medium (Street 
and McGregor, 1952) containing 2 per cent sucrose was used and all cultures 
were incubated in the temperature-controlled room (Location 1). The experi- 
ments involved repeated subculture of the main axis meristems of 7-day tip 
cultures (Street, McGonagle and Roberts, 1953) and the establishment from 
such tip cultures of sector cultures (White, 1943). 

Experiment No. 1. It was thought that the tip cultures growing in 2 per 
cent sucrose medium in Experiment No. 3 of Paper II of the present series 
(Street, McGonagle and Roberts, 1953) and subsequently referred to as the 
A cultures, had become ’habituated’ to subculture through the main axis 
meristem. The present experiment was: designed to see whether the ’habi- 
tuation’ could be transmitted to the lateral meristems when the cultures 
were sectored. Therefore, at the end of their 15th successive tip passage these 
A cultures were used to initiate sectors (A! sectors). New tip cultures were 
established from these sectors after one sector passage (AI cultures) and 
after two successive sector passages (AII cultures). The AI and AII cultures 
were maintained by repeated subculture of their main axis meristems and 
at the end of each passage records were made of their growth and survival. 
The values for these features were so similar in both the AI and AII cultures 
that numerical data for the AI cultures alone have been used for comparison 
of their behaviour with that of the parent A cultures (Table 1 and Figure 1). 
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Figure 1. Values for increase in main axis length (mm.) and for number of laterals per 
root for the A and AI cultures (Expt. No. 1). 


The AI cultures were found to have a higher expectation of survival than 
had the A cultures originally established from the ’clonal’ sectors. No period 
of rapid loss of activity of meristems was observed, the number of apices 
which ceased activity, expressed as a percentage of the total number of cul- 
tures, was much smaller than with the A cultures, and the apices which did 
cease activity did so mainly by ’sectoring’ (tips which remain floating and 
do not increase in length but give rise to laterals) (Table 1). With the A 
cultures, immediately preceding and coincident with the period of rapid loss 
of apices (Passages 5—9) there occurred a marked decrease in mean growth 
values. In the AI cultures, which showed a uniformly high level of survival, 
values for main axis length remained throughout at a high level and the 
lateral numbers did not decline to as low a level as in the A cultures 
(Figure 1). 

These results supported the view that, when subjected to repeated sub- 
culture, the apical meristems of the A cultures which survived into the 15th 
successive tip passage and the lateral meristems derived from these roots by 
sectoring, had a higher survival expectation than the clonal sector meristems. 
However, from other experiments proceeding simultaneously it had become 
apparent that survival of apices on repeated subculture is markedly affected 
by light (Street, 1953). This prompted a cautious interpretation of the results 
of the present experiment since it could not be claimed that light conditions 
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Figure 2. Values for increase in main axis length (mm.) for the B, Alviii and Alx cultures 
(Expt. No. 2). 


at Location 1 had been identical during the periods of culture of the A, Al 
and AIT cultures. 

Experiment No. 2. At the end of their 10th tip passage the AI roots were 
not only subcultured by excision of their main apices but were used to 
establish sector cultures (Al!° sectors). These sector cultures were then 
maintained as sectors through successive passages and at the end of the 1st, 
4th, 8th and 10th sector passages were used to establish tip cultures (known 
respectively as the Ali, Aliv, Alviii and Alx cultures). These tip cultures 
were maintained by repeated subculture of their main axis meristems. They 
all showed high survival and a consistently high level of growth. Coincident 
with the establishment of the Alviii cultures an equal number of tip cultures 
(B cultures) were established from the ’clonal’ sectors so that the growth 
and survival of the two sets of cultures could be compared under identical 
conditions including the use of the same batch of standard medium on each 
subculture occasion. | 

In view of the beneficial effect of exposure to light on survival (Street, 
1953) the date of the establishment of the Alviii and B cultures (this cor- 
responded with the 18th passage of the AT cultures) was chosen as a suit- 
able time to increase the power of the white light installation in the tem- 
perature-controlled room from 120 to 300 watts. The use of this light con- 
tinued to be restricted to those occasions when cultures were being moved 
in and out of the room. The higher intensity of white light, combined with 
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Figure 3. Values for number of laterals per root for the B, Alviii and Alx cultures. Key as 
fig. 2. (Expt. No. 2). 


increasing utilisation of the room for incubation of root cultures and for 
hormone testing, meant that the cultures from this date received more light 
than had the A cultures or the AI cultures during their first 18 passages. 

Numerical data for the B, Alviii and AIx cultures are presented in Table 1 
and in Figures 2 and 3. The roots of the Alviii and Alx cultures had a higher 
survival than the roots of the B cultures. From Passage 4 onwards the 
growth values for the Alviii and AIx roots were consistently higher than 
those for the B roots. The experiment confirmed that roots derived from the 
15th passage A cultures have a higher expectation of survival than roots 
derived directly from ’clonal’ sectors and that this is not lost when the ’habi- 
tuated’ roots are passed through successive sector passages. Comparison of 
the vaiues for percentage loss of apices in the A and B cultures (Table 1) 
however shows a higher level of survival in the B than in the A cultures. 
Furthermore, the loss of apical meristem activity in the B cultures was not 
concentrated into a clearly defined period (as was the case with the A cul- 
tures — see Street, McGonagle and Roberts, 1953) but spread over the total 
duration of the experiment. From Passage 4 the values for increase in main 
axis length and for number of laterals for the B cultures (Figures 2 and 3) 
were lower than those recorded for the A cultures (Figure 1). In conse- 
quence the contrast in growth between the ‘clonal’ (B) and ’habituated’ roots 
(Alviii and Alx) was more marked than that (A v AI) observed in Experi- 
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Figure 4. Values for increase in main axis length (mm.) for the C, Alxxiii and Alli cultures 
incubated in ‘light and ’dark’ (Expt. No. 3). 


ment No. 1. The B cultures clearly showed a phase of decline in growth rate 
similar to that observed in the A cultures but, in contrast to the latter, this 
did not lead to marked decline in survival number, but to the persistence of 
roots characterised by browning of the main axis and very poor lateral 
development. It was tentatively concluded that the contrast in behaviour 
between the A and B cultures was due to the different light regimes under 
which they were grown. The regime in Experiment No. 2 emphasised the 
contrast in growth between the ’clone’ and habituated’ roots and although 
it favoured persistence of meristematic activity did not obscure their dif- 
ference in survival expectation. 

Experiment No. 3. The hypothesis that the survival of the B cultures had 
been enhanced by the new light regime in the temperature-controlled room 
suggested that a comparison of the effect of ‘light’ and ’dark’ on the growth 
and survival of the ’clonal’ and ’habituated’ cultures should be undertaken. 
The present experiment was designed to make this comparison. All cultures 
were grown in the temperature-controlled room; the ‘light’ cultures on the 
culture shelves where they are subjected to discontinuous and variable 
periods of illumination and the ‘dark’ cultures in a light-tight cupboard. 
’Habituated’ cultures were established from (i) Al!° sectors in their 23rd 
successive sector passage (Alxxiii cultures) and (ii) from sectors established 
from AII roots in their 31st tip passage (AII*’ sectors) and used in their 
first sector passage (Alli cultures). Simultaneously tip cultures (C cultures) 
were established from the clonal sectors. 

Numerical data from the experiment are presented in Table 1 and in 
Figures 4 and 5. The Alxxiii and Alli cultures had a very high survival and 
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Figure 5. Values for total length of laterals per root (mm.) for the C, Alxxii and Alli 
cultures incubated in ‘light and ’dark’. Key as fig. 4. (Expt. No. 3). 


this was equally good under both the ‘light’ and ‘dark’ conditions of culture. 
Poor survival occurred with the C cultures particularly under the ’dark’ 
conditions. It is clear that the ’dark’ conditions demonstrated more clearly 
and more rapidly the contrasted survival expectations of the "habituated’ 
and ’clonal’ cultures. 

The ’habituated’ cultures gave consistently higher growth values than the 
’clonal’ cultures (Figures 4 and 5). The results confirmed previous work 
(Street, 1953) on the effect of light on the growth of excised roots. Light 
enhanced the values for increase in main axis length. Dark conditions 
enhanced the values for total length of laterals per root. This enhancement 
of lateral length persisted throughout the experiment with the ’habituated’ 
cultures. With the C cultures it was only evident during the first three pas- 
sages after which a rapid decline in growth of the cultures occurred coin- 
cident with a rapid loss of meristematic activity. The enhanced values for 
lateral length in the ‘dark’ cultures resulted from more rapid lateral growth. 

The depression of mean growth values which, with the ’clonal’ cultures, 
precedes or coincides with periods of falling survival number (Street, 
McGonagle and Roberts, 1953) could arise from a general fall in growth 
rate of the whole population, or from the lower growth rate of roots about 
to cease activity. This can be decided from data obtained for the B and C 
cultures of Expt. 2 and 3. In these experiments the tip cultures were 
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Figure 6. Values recorded for the B cultures (Expt. No. 2) for increase in main axis 

length (mm.) and for number of laterals per root based on all roots in each passage (general 

mean) and on only those roots destined to survive the duration of the experiment (mean 
for survivors). 


numbered, thereby making it possible to follow the activity of individual 
meristems in successive passages. The mean growth values for all roots in 
each passage have been plotted alongside the mean growth values for only 
those roots which survived the duration of each experiment. The values for 
the B cultures are shown in Figure 6, and for the ’light-cultured’ C cultures 
in Figure 7. It is clear that the mean values for the survivors show a close 
approximation to the mean values for all roots throughout the course of 
subculture. This strongly suggested that the growth behaviour of all roots 
in these cultures is similar irrespective of whether their meristems ceased 
activity or remained active until the end of the experiment. 

The numbering of the cultures made possible the study of the behaviour 
of individual roots. Comparisons were made between roots in the ’clonal’ 
cultures which ceased meristematic activity and those which remained active 
and also between ’habituated’ and ’clonal’ roots. It had been noted in earlier 
work (Street, McGonagle and Roberts, 1953) that the period of lower mean 
growth values which was correlated with the onset of decline in survival 
number was also characterised by increased variability of the individual 
values. In the present experiments, plotting of the growth values for indi- 
vidual ’clonal’ roots during successive passages, showed that very large 
fluctuations in the values occurred, particularly after the first few passages. 
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Data for increase in length of the main axis for four surviving roots from 
the B culture are presented in Figure 8 in the forms of graphs. These graphs 
indicate that (a) each root shows evidence of a repeating pattern of growth 
behaviour in which there occur, at intervals, passages when the growth is 
very low, and (b) the peak growth values achieved do not decline during 
the progress of culture although the average growth rate of each root is 
lower during the period of declining survival number than during the first 
3 to 6 passages. 

Study of the growth behaviour of roots of the B and C cultures which 
ceased activity showed that this was of the same kind as that pictured and 
described for the survivors. Cessation of meristematic activity was found to 
occur (i) when the growth was very low or declining, (ii) less frequently 
during a period of high growth rate several passages removed from a previous 
minimum and therefore at a time when one of the marked falls in growth 
values was increasingly likely to occur. 

These observations immediately raised the question of how far individual 
‘clonal’ and habituated’ roots resembled one another with regard to trends 
in growth rate during successive passages. Data for four ‘’habituated’ (Al viii) 
roots are presented in Figure 8 for comparison with the clonal (B) roots. 
The growth behaviour of the ‘habituated’ roots is seen to be essentially 
similar to that of the ’clonal’ roots. The graphs for the two sets of cultures 
differ, however, in that (a) the comparatively high level of growth occurring 
during the initial passages is maintained in the ’habituated’ roots and (b) the 
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Figure 8. Values for increase in main axis length (mm.) for individual roots of the B cul- 
tures (»clonal») and of the Alviii cultures (»habituated»). (Expt. No. 2). 


47 


718 H. E. STREET AND MOIRA P. MCGONAGLE 


minimal growth values which occur at intervals during repeated subculture 
are, in general, much less marked with the ’habituated’ than with the ’clonal’ 
roots. Reference back to Figures 4 and 5 shows that the ’light-cultured’ clonal 
roots (C cultures, Expt. No. 3) not only show a decline in the mean values 
for main axis length on repeated subculture but an even more marked fall 
off in lateral development as compared with the ’habituated’ roots. The 
contrast between the two sets of cultures is, in consequence, quite marked 
with regard to lateral length before the divergence of values for main axis 
length becomes significant. Comparison of the recurring minimal growth 
values for the ’clonal’ versus the ’habituated’ roots (using data from both 
Expt. No. 2 and 3) shows that not only are the values for main axis length 
lower for the ’clonal’ roots but that, at this point in their growth pattern, 
the ’clonal’ roots are brown and devoid of laterals whereas the *habituated’ 
roots show very much less browning and carry a complement of laterals 
commensurate with their length. 

The AI cultures of Expt. No. 1 were numbered at the beginning of Pas- 
sage 11 and their growth behaviour followed in subsequent passages. The AI 
roots showed a similar growth behaviour to the habituated’ roots of Expt. 
No. 2 and 3. 

Study of the data for the growth of individual roots in the successive 
passages of Expt. No. 1, 2 and 3 suggests that each root shows a repeating 
growth pattern in which sequences of increasing values alternate with 
sequences of decreasing values. Gleissberg (1946) has described a statistical 
test for the reality of cyclic variations of this kind. In a series of values 
a], Ag, Ag, + « Am « « +, An IS described as an extremum when its neighbours 
4-1 and a,,; are both greater or less than a,. The probability (P) that the 
series shows cyclic variation (that the series would have more than that 
number of extrema by chance) can then be computed by determination of 
the number of extrema (k) in a series of S values. Results of an examina- 
tion, by this test, of the series of values for increase in main axis length (mm.) 
in successive passages of individual roots from Expt. No. 1, 2 and 3 are 
summarised in Table 2. Values for P for the main axis increase series 
depicted in Figure 8 are shown on each graph. Since minor fluctuations in 
growth imposed on any underlying cyclic variation by ‘location’ effects 
increase the number of extrema this analysis by Gleissberg’s method is con- 
sidered to provide strong evidence for a cyclic variation in the growth of 
individual roots. 

Study of the cyclic variations in the growth of individual roots within the 
same set of cultures shows that the fluctuations in growth of individual roots 
are ‘out-of-phase’ (see Figure 8). Some roots have peak growth values or 
are in a phase during which the growth values are rising while other roots 
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Table 2. Results of applying Gleissberg’s criterion for the reality of cyclic variations to the 
series of values for increase in main axis length (mm.) in successive passages of 60 
individual roots. 


= Number of passages | 
ce Cultures through which | Es Ress of test 
3 variation traced ins Number of roots} Values of P. 
5 = 0.94 
1 Al 25 12 4 0.80 —0.94 
2 << 0.60 
5 => 0.94 
24 10 2 0.80—0.94 
B 1° =< 0.60 
2 22 2 2 > 0.94 
5 = 0.94 
Alviii 24 14 5 0.80—0.94 
2 =< 0.60 
| 6 > 0.94 
C 17 11 4 0.80—0.94 
3 | 1 << 0.60 
8 > 0.94 
AI xxiii 17 11 1 0.80—0.94 
1 < 0.60 
31 > 0.94 
Shen 16 0.80—0.94 
y 6 0.60—0.80 
7 << 0.60 


are simultaneously declining in growth rate or are at growth minima. The 
growth patterns are, therefore, considered to be determined, in their major 
features, by internal factors. The growth of any root in any one passage 
is apparently determined primarily by its previous growth history rather than 
by ’location-effects’ operating during the passage. From these considerations 
it can be predicted that the growth pattern would be profoundly modified by 
alteration of the composition of the medium, conditions of incubation, pas- 
sage duration or length of the root tip inoculum excised at each subculture. 

The question of how far the origin of the ’habituated’ cultures by repeated 
subculture of the main axis represents a selection of genotypes from within 
the clonal cultures cannot be answered from the data presented. The B and 
C cultures, though derived from the same clone of roots as the A cultures, 
showed no evidence that they had become ’habituated’. After the initial 
period of high growth rate and survival these cultures entered the phase 
of decline in survival number and lowered growth rate. This phase did not, 
however, give place to a second phase of high growth rate and survival such 
as occurred with the A cultures. Under ’dark’ conditions of incubation the 
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decline in survival number of the C cultures was precipitate and all apices 
had ceased activity by Passage 13. Under ‘light’ conditions the rate of loss 
was slower than with the A cultures but continued for the duration of the 
experiments. Study of the growth behaviour of individual ’clonal’ and 'habi- 
tuated’ roots from Expts. No. 2 and 3 also strongly indicates that no process 
of *habituation’ occurred in roots of the B and C cultures. Conditions neces- 
sary for ‘habituation’ have apparently not been reproduced in the present 
experimental series or sectors of a mutant were included in the clonal sectors 
used to establish the A cultures but not in those used to establish the B and 
C cultures. 

Having in mind this question of the nature of ’habituation’ the C cultures 
were set up from 15 clonal sectors. Each sector yielded 4 tip inocula which 
were distributed evenly between the ‘light’ and ’dark-cultured’ series. Roots, 
within each series, were numbered so that roots 1 and 2, 3 and 4 etc. repre- 
sented pairs, each member of the pair being derived from the same parent 
sector. This was designed to see if ’habituation’ occurred only in cultures 
derived from particular sectors. In the absence of *habituation’ the results 
can only be interpreted in support of the view that sector origin had no 
obvious effect on survival expectation. In the ‘light-cultured’ C cultures, roots 
No. 1, 7, 8, 9, 13, 15, 16, 19, 27, 28, 29 survived into Passage 15. Six of these 
roots constituted pairs derived from three sectors; the other five roots are 
single survivors of pairs. Considering the small numbers involved this 
approximates to the expected distribution if all roots had the same chance 
of survival. 

Experiments are now being undertaken to test the B and C cultures for 
evidence of ’habituation’ and to see how far the circumstances under which 
*habituation’ occurs can be defined. Experiments have also been initiated to 
characterise in terms of metabolism the changes which occur during repeated 
subculture and which determine the level of meristematic activity. 

‘Evidence that changes in growth rate and metabolism can occur during 
the culture of excised roots derived from a single clone has been advanced 
by Bonner (1940) and by Robbins and Stebbins (1949). Bonner (1940) 
working with excised roots of a clone of Datura stramonium derived from 
a single seed obtained an average increase in length of main axis for his 
replicate cultures of 38 mm. per week. He noted, however, that »several 
individual roots of the same clone grew much faster than the average for the 
culture clone. The average growth rate for these fast-growing roots was 
107 mm. per week over a nine-week period». Robbins and Stebbins (1949) 
studied the growth of a clone of excised tomato roots whose thiamin require- 
ment could be met by thiazole only. The strain grew well in the thiazole- 
supplemented medium through 96 passages, but then its growth fell to a low 
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level. Parallel cultures in the thiamin-supplemented medium showed no 
decline in growth. Robbins and Stebbins concluded »the roots themselves, 
in their long cultivation, had become modified and were less able to grow 
in Pfeffer’s solution supplemented with thiazole than they were originally». 
The alteration in growth behaviour and survival expectation which we have 
called ’habituation’ may, therefore, represent only one kind of change which 
can occur during prolonged subculture of excised roots. Clearly observations 
of this kind not only raise important theoretical considerations but if 
exploited may yield valuable material for studies in comparative physiology. 

Grateful acknowledgement is made to Miss D. M. Davies for valuable technical 


assistance and for preparing the text figures and to other members of our laboratory 
who have assisted in the preparation of medium and the measurement of roots. 


Summary 


1. In a particular experiment (Street, McGonagle and Roberts 1953, Expt. 
No. 3), involving repeated subculture of the main axis meristems, excised 
tomato roots were obtained after 15 successive passages, which had a high 
growth rate and which appeared to have a high survival expectation. These 
tip cultures were sectored and the growth and survival on repeated subculture 
of roots derived from the sectors studied. A marked contrast in growth 
behaviour between roots derived from the survivors of Expt. No. 3 above 
(habituated’ roots) and roots derived directly from the clonal sectors (’clonal’ 
roots) has been demonstrated. The ’habituated’ roots have a higher survival 
expectation on repeated subculture and the high level of growth characteristic 
of the first few passages is maintained in the ‘habituated’ roots, but not in 
the ’clonal’ roots. 

2. The distinctive growth behaviour of the habituated’ roots is not lost 
when the roots are maintained for a number of passages as sector cultures. 

3. By studying the growth of individual roots in successive passages it 
has been shown that the decline in mean growth values associated with loss 
of meristematic activity of ’clonal’ roots is due to a general! fall in growth 
rate and not merely to a low level of growth in these roots about to cease 
activity. 

4. Study of the growth values for individual roots has also shown that 
both ’clonal’ and ’habituated’ roots undergo a cyclic pattern of growth be- 
haviour. Within the same set of cultures the growth patterns of individual 
roots are ’out of phase’ with one another and are considered to be determined, 
in their major features, by internal factors. The growth behaviour of the 
’habituated’ roots differs from that of the ’clonal roots in that the general 
level of growth of the individual ’habituated’ roots is higher and the peak 
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and minimal growth values which occur at intervals during repeated sub- 
culture, are less contrasted. Cessation of meristematic activity in a ‘clonal’ 
root generally occurs when the growth is very low or is declining. 

5. Further data are presented showing that illumination of the cultures 
during incubation enhances main axis growth and suppresses lateral develop- 
ment. Both ’habituated’ and ‘clonal’ roots are affected in the same way. 
Cessation of meristematic activity is accentuated in the ’clonal’ roots by 
incubation in the dark and under these conditions the contrast in growth 
behaviour between ’clonal’ and ’habituated’ roots is most marked. 

6. In the present series of experiments, the ’clonal’ roots, when submitted 
to repeated subculture by excision of the main axis meristems, showed no 
evidence of the ’habituation’ to culture such as occurred in the experiment 
from which the present ’habituated’ roots are derived. 
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Action du glycocolle sur le développement in vitro des 
colonies prothalliennes de Gymnogramme calomelanos, 
Filicinée Polypodiacée. I. Morphologie générale et 
accroissement pondéral des colonies 


Par 
I. SOSSOUNTZOV 


Laboratoire de Botanique, Sorbonne, Paris 
(Reçu le 29 Juin 1953) 


Lorsque des germinations aseptiques de Fougéres sont transférées sur un 
milieu nutritif gélosé, elles se développent en donnant chacune un prothalle 
cordé. Rapidement, sur celui-ci apparaissent des prothalles adventifs qui 
vont s’accroitre en demeurant rattachés par leur base au prothalle initial 
(figure 1). Au bout de quelque temps, ils vont présenter à leur tour des 
excroissances adventives, et ainsi de suite indéfiniment. Bientôt l’ensemble 
de ces prothalles groupés entre eux constituera une masse hémisphérique 
qu’on appelera »colonie prothallienne» (12). Un fragment de cette dernière, 
transplanté (»repiqué») aseptiquement sur un milieu frais, redonnera bien- 
tôt, par multiplication végétative, une nouvelle colonie. 

En complément de l'étude de la nutrition azotée minérale des prothalles 
constituant ces cultures (26), nous avons engagé des recherches sur leur 
développement en présence d’azote organique. La présente note sera consacrée 
aux prothalles alimentés en glycocolle, comme source unique d’azote. 


Techniques 


Les colonies prothalliennes de Gymnogramme calomelanos Ung. ont été cultivées 
in vitro sur un flotteur mobile à ruban de verre (20, 25) plongeant dans un milieu 
nutritif ne différant du milieu de Knop normal que par l’absence de nitrates et la 
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Figure 1. Schema de la multiplication végétative des prothalles in vitro. A, B, C, D — 

aspects successifs d’un prothalle cordiforme initial pı sur lequel proliferent des prothalles 

adventifs ps, pa’ et pe”. Sur ces derniers apparaissent des ébauches prothalliennes p3 et ps’. 
Ni les rhizoides, ni les organes reproducteurs n’ont été figurés. 


présence de glycocolle. Afin de maintenir l'équilibre en ions Catt et K*, des quan- 
tités convenables de CaCl,, 6 H,O et de K,SO, ont été introduites dans le milieu de 
culture. (La présence des ions surnuméraires CI- et SO,—— ne modifie en rien le 
développement des colonies prothalliennes (26)). La composition du milieu de base 
était la suivante: 


CAC OH OR inc sine ot A ae ee 0,928 g 
| G5] 0 rer NE MCN Pee gaa an rect 0,215 g 
MSO TEA OT CP ER a ces 0,250 g 
PO cect ce ree ae. ee es 0,250 g 
WC (SO ge Fh os eee a tke cn traces 
PLE COSCr mene eee cn NC COLE 20,00 g 
eautdistilleer Sr as ee ore ee 1000 ml 


x 


Le glycocolle (glycine) a été ajouté A ce milieu A des concentrations comprises 
entre 0,01 et 25 millimolécules-grammes (en abrégé: mM/glycocolle), ce qui cor- 
respond à 0,01 à 25 milliatomes-grammes d'azote (en abrégé: mA/azote). Le pH des 
milieux a été ajusté 4 5,4 avant la stérilisation, les variations du pH (au maximum 
1 unité) dues à celle-ci ne modifiant pas le développement des prothalles (26). La 
stérilisation a été effectuée à l’autoclave (115° C pendant 30 min.) pour le milieu 
de base et par voie chimique pour le glycocolle. Ainsi se trouvait évité le risque, 
minime il est vrai, d’une dégradation de cet amino-acide au contact du glucose 
présent dans les milieux. Dans des conditions quelque peu différentes des nôtres, 
Wolfrom & al. (32) et Friedman et Kline (10) ont en effet montré que l’auto- 
clavage d'un mélange glycocolle+glucose a pour effet de détruire l'acide aminé 
dont la molécule donne naissance à des inhibiteurs de croissance (5-hydroxyméthyl- 
2-furfuranol). 

Les cultures se sont développées dans une étuve vitrée à 24—25° C, à l’abri de la 
lumière solaire directe. Les repiquages ont été faits tous les 45 jours. Au 45€ jour, 
on déterminait le »poids brut» des cultures (poids des prothalles et du liquide nutri- 
tif immobilisé entre eux) et leur »poids net» (poids des prothalles seuls). Les expé- 
riences ont été répétées 2, 3 ou 4 fois; chaque fois 15 à 24 cultures étaient observées. 

Tous les résultats ont été comparés avec ceux obtenus avec des prothalles-témoins 
cultivés sur le milieu de Knop normal (milieu-témoin) dont la constitution différe 
du milieu de base précédent par l'absence de CaCl,, 6 H,0 et de K,SO, remplacés 


respectivement par Ca(NO,),, 4H,O (1 g) et KNO, (0,250 g) qui fournissent 10,94 
mA/azote au milieu (pH 5,4). 
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Figure 2. Vues en section d’une culture nor- 


male et d'une culture aberrante. PV — pro- 
thalles vivants, RH — rhizoïdes, MNC — CUET URE 
»masse nécrosée centrale». normale | aberrante 


Données expérimentales 


On étudiera d’abord les cultures de 6° repiquage, complètement accoutumées à 
leurs conditions de vie (26); puis on comparera les résultats »définitifs» qu’elles 
donnent à ceux obtenus après le 1% repiquage (cultures non accoutumées); enfin 
on procédera à la confrontation de ces conclusions avec celles fournies par les pro- 
thalles-témoins. 


A. Cultures de sixième repiquage 


I. Observation macroscopique générale des cultures 


Les colonies prothalliennes de 6° repiquage peuvent sans mourir atteindre 
le 45° jour en présence de 0,5 à 10 mM/glycocolle. Leur aspect général et 
leur structure ne sont cependant pas les mêmes sur tous les milieux utilisés. 

1) Entre 1,5 et 5 mM/glycocolle, ce sont des cultures vertes, vigoureuses, 
peu compactes et faciles à dissocier, de type normal, c’est-à-dire semblables 
à celles que l’on obtient sur le milieu de Knop normal. Sur leur surface, les 
rhizoides sont assez rares. En section, ces cultures ne montrent que des pro- 
thalles vivants, entièrement verts, sans aucune partie nécrosée (figure 2). 

2) En présence de concentrations en glycocolle inférieures à 1,5 mM ou 
supérieures à 5 mM, les colonies sont volumineuses et tapissées par une 
épaisse toison de rhizoïdes qui cachent des prothalles chétifs, jaune grisâtre. 
En section, elles apparaissent formées de deux parties en quelque sorte 
emboitées l’une dans l’autre (figure 2): a) un volumineux noyau central, 
brun, compact, formé par un agrégat de prothalles et de rhizoides nécrosés, 
gorgés de liquide nutritif: c’est la »masse nécrosée centrale»; b) tapissant 
cette dernière, un mince liseré de prothalles jaunâtres, encore vivants, cou- 
verts de très nombreux rhizoides. 


II. Accroissement pondéral des cultures 


La figure 3 confirme quantitativement les observations précédentes. La 
croissance en 45 jours des colonies, exprimée en poids brut ou en poids net, 
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OS RUN ON SRE 7 ES NETO 
CONCENTRATION en GLYCOCOLLE (en mM). 


est maxima en présence de concentrations en glycocolle inféreures à 1,5 ou 
supérieures à 5 mM et minima entre 1,5 et 5 mM. L’examen des valeurs 
poids net moyen 
poids brut moyen 
ties de maniére inverse: élevées entre 1,5 et 5 mM/glycocolle, faibles en pré- 


prises par le rapport a= montre que celles-ci sont répar- 


sence de moins de 1,5 ou de plus de 5 mM. 


De ces résultats, il ressort que, lorsque la teneur des milieux en glycocolle 
devient soit très faible, soit élevée, les prothalles réagissent à cette carence 
ou à cet excès en azote en exaltant leur pouvoir de prolifération. Mais, comme 
il a été montré ailleurs (24), leur longévité diminue d’une manière concomi- 
tante: avant d'atteindre le 45° jour, ils se nécrosent, en même temps qu'à leur 
partie supérieure, orientée vers la périphérie de la culture, prolifèrent de 
nouveaux prothalles adventifs, capables, eux aussi, d’une croissance impétu- 
euse, mais de durée limitée. Les prothalles morts s’agglomérent ainsi en une 
»masse centrale nécrosée» de plus en plus volumineuse et sur laquelle proli- 
fèrent les prothalles périphériques encore vivants. 

A l'opposé, en présence de concentrations moyennes en glycocolle, les pro- 
thalles prolifèrent assez lentement, mais ils atteignent le 45° jour sans se 
nécroser. Si donc leur croissance est plus lente que celle des prothalles aber- 
rants, leur longévité est beaucoup moins réduite. 

Les valeurs du rapport à constituent une confirmation quantitative de 
ces observations. En l'absence de parties nécrosées, les cultures présentent 
un poids net à peine supérieur à la moitié de leur poids brut (environ 0,54), 
c'est-à-dire que le poids du liquide nutritif retenu entre les prothalles vivants 
est sensiblement le même que celui de ces derniers. A l’opposé, la présence, 
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Figure 4. Accroissement pondéral en 45 jours des colonies prothalliennes ayant subi 1 a6 
repiquages consécutifs. 


dans les colonies aberrantes, de la »masse nécrosée centrale», imbibée de 
liquide nutritif 4 la maniére d’une éponge, a pour effet d’augmenter la 
valeur du poids brut et par conséquent de diminuer celle du rapport a (en- 
viron 0,47): le poids global des prothalles vivants et de la »masse nécrosée 
centrale» est donc inférieur à celui du liquide nutritif qu’ils immobilisent. 
Le rapport a apparaît ainsi comme un moyen d'évaluation indirect du type 
structurel auquel appartiennent les colonies prothalliennes. 

Mentionnons enfin un résultat que ne traduit pas la figure 3. Si l’on examine 
les valeurs du coefficient de variation pondéral V=opy/PN (où opy est l’écart- 
type du poids net moyen PN), on constate que, pour les cultures normales, 
elles sont de l’ordre de 10 °/o, alors que, pour les cultures à »masse nécrosée 
centrale», elles oscillent autour de 22 °/o. Aux concentrations limites (1,5 et 
5 mM), elles sont intermédiaires entre les précédentes (environ 15 °/o). La 
croissance des colonies normales apparaît donc comme plus régulière, plus 
homogène d’une culture à l’autre, que celle des colonies aberrantes. 

En résumé, si la forme des courbes de la figure 3 semble indiquer de prime 
abord une meilleure croissance prothallienne sur les milieux à faibles ou à 
fortes teneurs en glycocolle (et seulement sur ces milieux), une étude plus 
détaillée des données montre que la croissance ne peut être »bonne», c’est- 
à-dire normale, que sur les milieux à concentrations moyennes en glycocolle 
(1,5 à 5 mM). Sur les autres milieux, les fortes valeurs de l'accroissement 
pondéral traduisent simplement le gigantisme des cultures du à l'apparition: 
en leur sein d’une »masse nécrosée centrale». 
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Tableau 1. Limites de sécurité du poids net moyen des cultures de 1er et de 6e repiquages.! 


QE À 


1er repiquage 6e repiquage 
mM/glycocolle} Cultures 

n PNi . PNs n PNi PNs 

0,5 21 458,7 596,1 67 418,6 460,4 
1 } DORE | 17 407,1 | 540,7 86 403,0 | 438,6 
1,5 18 197,3 239,5 79 289,5 307,9 
2 | 23 228,7 272,1 81 264,6 275,8 
3 normales 20 264,3 299,3 80 292,6 307,6 
4 19 234,6 284,4 78 266,5 279,9 
5 16 201,1 262,1 69 246,5 265,1 
6 18 333,2 134,2 71 371,3 412,7 
7 | | 21 354,4 453,0 90 377,2 412,6 
8 aberrantes 22 442,9 560,9 85 391,6 426,0 
9 | — — 81 376,4 420,8 
10 16 502,7 | 676,5 77 397,7 438,9 


1 PN, et PN, sont respectivement les limites de sécurité inférieure et supérieure du 
poids net moyen PN, en mg (n — nombre de cultures pesées). Ces limites ont été cal- 
culées avec le test t de Student-Fisher (P=0,05) por le ler repiquage (n < 30) et l’erreur 
standard (6py/Vn—1) de la moyenne de la population pour le 6e repiquage (n > 30). Si, 
pour une concentration donnée, les intervalles de sécurité de 1er et de 6e repiquages se 
recouvrent, la différence entre les moyennes pondérales respectives n’est pas significative: 
on dira alors qu'entre le ler et le 6e repiquages, la moyenne est restée constante. 


B. Comparaison des cultures de premier et de sixième repiquages 


I. Concentration en azote et viabilité prothallienne 


Les limites de concentration en glycocolle entre lesquelles les colonies pro- 
thalliennes de premier (R,) et de sixième (R;) repiquages peuvent proliférer 
jusqu’au 45° jour sont: 


R, — 0,01 (au moins) à 22 mM 
Rg, — 0,5 à 10 mM 


On voit qu’il y a, entre le 1° et le 6° repiquages, un notable rétrécissement 
de la zone de concentration en azote compatible avec le développement ou la 
survie des prothalles. 

Quant à la répartition des types de cultures, elle est, dès le 1° repiquage, 
la même qu’apres le 6°: cultures normales entre 1,5 et 5 mM/glycocolle, cul- 
tures aberrantes (volumineuse »masse nécrosée centrale», mince tapis vivant 
de prothalles périphériques) pour des concentrations inférieures à 1,5 ou 
supérieures à 5 mM. 

La croissance des explantats est normale jusqu'aux environs du 20° jour 
suivant le 1° repiquage; puis, passé ce délai, elle devient aberrante (nécrose des 
prothalles et formation de la »masse nécrosée centrale») (21). 
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Figure 5. Variabilité pondérale des colonies prothalliennes de 45 jours ayant subi 1 à 6 
repiquages consécutifs. 


COEFFICIENT de VARIATION du POIDS NET MOYEN 


II. Accroissement ponderal des cultures 


Les courbes de la figure 4 traduisent les variations de l’accroissement pon- 
déral moyen net des cultures de 45 jours entre le 1° et le 6° repiquages. 
Appuyées par les indications du tableau 1, elles montrent que, dans l’en- 
semble, le poids des cultures aberrantes (< 1,5 mM ou >5 mM/glycocolle) 
demeure constant ou tend à augmenter. 

La figure 5 montre qu'à mesure que les repiquages s’additionnent, la 
variabilité des valeurs pondérales moyennes tend à décroître ou décroît, et 
cela indépendamment du type morphologique auquel appartiennent les cul- 
tures. Le développement en 45 jours de ces dernières devient donc de plus 
en plus régulier. 
poids net moyen 
poids brut moyen 
qu'entre le 1° et le 6° repiquages, ses valeurs restent, dans l’ensemble, con- 
stantes. 

De ces différents résultats, on peut donc conclure que l’augmentation du 
nombre de repiquages a pour effet de modifier l’intensité de croissance en 
45 jours des colonies prothalliennes et à la régulariser. En fait, une étude 
plus détaillée de ce phénomène montre qu’il s’effectue presque exclusivement 
entre le 1° et le 3° ou le 4° repiquages; dès le 5° repiquage, la croissance en 
45 jours des prothalles est stabilisée, et l’on peut considérer les cultures 
comme accoutumées aux nouvelles conditions de vie qu’on leur offre. 


Quant au rapport a= des cultures, le calcul montre 
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Quant à la constance du rapport a, elle signifie que la distinction qualita- 
tive entre les deux types morphologiques observés (cultures normales et 
cultures aberrantes) s’établit dès le 1° repiquage. Ce résultat confirme donc 
celui du à l'observation directe (cf. ci-dessus B, I). Les seules grandeurs 
variables, à l’intérieur de chaque type de cultures, sont les caractéristiques 
quantitatives de ces denières (accroissement pondéral, variabilité). 


C. Comparaison avec les prothalles-témoins 


I. Concentration en azote 


On a vu que la limite supérieure de concentration en glycocolle permettant 
aux colonies prothalliennes d’atteindre le 45° jour suivant le 6° repiquage 
est 10 mM, c’est-à-dire 10 mA/azote. Le glycocolle apparaît donc comme une 
source d’azote beaucoup moins favorable, pour la prolifération des pro- 
thalles, que l’azote nitrique qui entre dans la composition du milieu-témoin 
(milieu de Knop normal, à 10,94 mA/azote), puisque celui-ci et, mieux 
encore, des concentrations en azote plus fortes assurent une excellente proli- 
fération des colonies prothalliennes (26). D'ailleurs celles-ci présentent toutes 
une structure normale, alors qu’en présence de glycocolle, cette structure n’est 
assurée que par des concentrations comprises entre 1,5 et 5 mA/azote. 


II. Accroissement pondéral des cultures 


Au 6° repiquage, pour les cultures-témoins et les cultures normales sur 
glycocolle, on trouve les valeurs suivantes: 


470,2 (milieu de Knop) 


er 
poids nets moyens (en mg) ee à 299 (milieux à 1,5 à 5 mM/glycocolle) 


Il ressort de ces valeurs que le milieu-témoin assure une croissance beaucoup 
plus intense que les milieux glycocollés les meilleurs (ceux permettant une 
croissance prothallienne normale). La variabilité des moyennes pondérales 
poids net moyen 
poids brut moyen 
séries de milieux: de l’ordre de 10 %/ et de 0,54 respectivement. 


et le rapport a= sont par contre les mêmes sur les deux 


Discussion 


Il est difficile de soumettre les résultats précédents à un examen critique: 
du fait de la rareté des recherches sur la nutrition azotée organique des 
prothalles de Fougères. Les quelques indications bibliographiques que l’on 
possède (dont aucune ne se rapporte à des études quantitatives) sont dues à 
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des auteurs qui ont travaillé sur des Fougères différentes de Gymnogramme, 
avec des techniques dissemblables et non-aseptiquement. 


Sur des végétaux verts autres que les Filicinées, de nombreux auteurs ont montré 
que le glycocolle, bien qu’inférieur en valeur alimentaire à quelques autres acides 
aminés et, plus encore, à l’azote minéral, peut en général servir de source d’azote. 
C'est le cas notamment des plantules de Drosera (17), de Soja (9), de Trèfle, de 
Pois ou de Graminées (29, 15), des racines et des tiges du Pois privé de cotylédons 
(11), de l'appareil végétatif de la mousse Catharinea undulata (8), des Algues Chlo- 
rophycées (1, 2, 3, 33, 6). De même, s’accomodent assez bien de la présence du 
glycocolle le Radis (16), les racines des plantules de Cresson (7), les cultures de 
racines excisées de Tomate (30) et de tissu de crown gall d’Helianthus (18), etc. 
En présence d'azote inorganique, le glycocolle peut être soit inutile, soit toxique: 
embryons et plantules d’Orchidées (13, 31, 27), plantules de Tabac (28), embryons 
de Datura (19), crown gall d’Helianthus (18), embryons de Cotonnier (14). De 
l'ensemble de ces travaux, parfois contradictoires, il apparaît que l’utilisation du 
glycocolle, possible en général, par les végétaux en croissance se trouve tributaire 
de nombreux facteurs qui interdisent de généraliser les résultats expérimentaux 
publiés. Ceux-ci, en effet, diffèrent suivant les organismes, organes ou tissus con- 
sidérés (ainsi que leur âge), suivant la composition des milieux nutritifs (présence 
ou non d'azote minéral, glycocolle seul ou en mélange avec d’autres acides aminés, 
etc.) suivant la concentration du glycocolle, etc. 


En ce qui concerne les colonies prothalliennes de Gymnogramme calo- 
melanos, les recherches rapportées ci-dessus montrent qu’elles entrent dans 
la catégorie des végétaux capables d'utiliser le glycocolle à la condition cepen- 
dant que sa concentration dans les milieux nutritifs soit convenable (1,5 à 
5 mM). D'ailleurs, même dans ces limites de concentration, cet amino-acide 
a une valeur nutritive nettement inférieure à celle des nitrates (26). Il en est 
de même, comme on l’a vu, pour le milieu-témoin, plus riche en azote (10,94 
mA/azote NO,—). En outre, la sensibilité des prothalles à l'égard du glyco- 
colle semble être plus grande que celle de certains des végétaux mentionnés 
ci-dessus: les cultures de crown gall de Riker et Gutsche (18) par exemple 
croissent convenablement sur des concentrations en glycocolle comprises 
entre 1 et 125 mM! 

Lorsque la concentration en cet acide aminé est faible (<1,5 mM) ou 
élevée (> 5 mM), la croissance des cultures devient aberrante; sur un agrégat 
de prothalles nécrosés et de leurs très nombreux rhizoides (la »masse 
nécrosée centrale») proliférent, avec beaucoup de rapidité mais. pendant un 
laps de temps court (24), des prothalles qui n’apparaissent normaux que 
dans leur partie apicale. Bien que ce type de croissance ait déja été observé 
(conditions de culture déficientes, carence en azote minéral, etc.) (12, 26), 
on ne sait rien sur le mécanisme de son établissement ni sur sa signification 


physiologique. 
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On peut supposer cependant que, suivant la concentration du glycocolle dans les 
milieux nutritifs, son origine n’est pas la même: 

— en présence de faibles concentrations, l'azote, trop peu abondant pour se 
combiner avec la quantité de glucides nécessaire à une protéogénèse active, laisse 
ces derniers s’accumuler dans les cellules (d’où les chloroplastes gonflés d’amidon) ; 
les tissus deviennent chlorotiques, puis se nécrosent. La croissance périphérique des 
prothalles pourrait s'effectuer aux dépens de l’azote des tissus morts, puisé dans la 
»masse nécrosée centrale», ainsi que de l'azote fourni par les milieux nutritifs. 

— en présence de concentrations élevées en glycocolle, les tissus seraient intoxi- 
qués par cet acide aminé et réagiraient en formant la »masse nécrosée centrale». 
On sait que, dans la cellule, le glycocolle et plus généralement les amino-acides se 
trouvent en quantité réduite et dans un certain état d'équilibre; sans qu'ils soient 
au préalable accumulés en quantité importante (comme ce peut être le cas pour les 
nitrates, par exemple), ils participent à la protéogénèse ou sont oxydés. Un apport 
excessif en acide aminé — en l'occurrence le glycocolle — perturberait cet équilibre 
et intoxiquerait la cellule, par exemple en bloquant tel système enzymatique (dés- 
aminase, transaminase, etc.) ou en provoquant l'accumulation des produits d’origine 
protéolytique. Ainsi le glycocolle interviendrait dans le développement du prothalle, 
non pas par son action propre, isolée, mais plutôt en interaction avec d’autres 
amino-acides, ainsi que le suggèrent d’ailleurs nos recherches sur la prolifération 
des colonies de Gymnogramme en présence de mélanges d'acides aminés (22, 23); 
ce point ressort également avec netteté du travail de Sanders et Burckholder (19) 
sur les embryons immatures de Datura par exemple ou, mieux encore, de nom- 
breuses recherches de microbiologie. 


Ces interprétations, toutes hypothétiques, ne rendent guère compte cepen- 
dant de l'accélération de la croissance périphérique des prothalles et de 
leurs rhizoides. Seul un travail expérimental pourrait jeter quelque lumière 
sur cette particularité de la physiologie prothallienne. Legrares données que 
l’on possède sur le métabolisme de l’azote et des acides organiques des pro- 
thalles de Fougères (4, 5) pourrait en être l’origine. 

Quant aux modifications quantitatives de l'intensité de croissance en 45 


x 


jours des prothalles 4 mesure qu’augmente le nombre de repiquages aux- 
quels on soumet les cultures, elles traduisent l’accoutumance progressive de 
ces derniéres aux nouvelles conditions de vie qu’on leur impose. Ce phéno- 
mène n'est pas particulier aux prothalles sur milieux à glycocolle, puisqu’on 
l’observe sur des prothalles soumis à des conditions nutritives différentes 


(azote minéral ou organique) (26). 


Résumé 


1) Le développement in vitro de colonies prothalliennes de Gymnogramme 
calomelanos, Filicinée Polypodiacée, cultivées sur le milieu de Knop glucosé, 
sans azote inorganique, et additionné de glycocolle (glycine) a été étudié. 
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2) La croissance des colonies n’est possible Jusqu'au 6° repiquage qu’en 
présence de 0,5 à 10 mM/glycocolle. Elle est normale sur les milieux con- 
tenant de 1,5 à 5 mM/glycocolle. En présence des concentrations inférieures 
à 1,5 mM ou supérieures à 5 mM, les colonies sont aberrantes (volumineuse 
»masse nécrosée centrale» recouverte d’un mince tapis de prothalles vivants). 
Le poids moyen des cultures normales est beaucoup plus faible que celui 
des cultures aberrantes. La croissance de celles-ci est statistiquement moins 
régulière que celle des premières. 

3) Entre le 1° et le 6° repiquages, la zone de concentration en glycocolle 
permettant aux cultures d’atteindre le 45° jour se rétrécit. La croissance des 
prothalles s’intensifie (cultures normales) ou s’affaiblit (cultures aberrantes) 
et devient plus réguliére. 

4) Les milieux 4 glycocolle qui assurent une croissance normale des cul- 
tures (1,5 4 5 mM) ont une valeur nutritive nettement plus faible (crois- 
sance en 45 jours lente) que le milieu de Knop normal (10,94 mA/azote) 
(croissance en 45 jours rapide). Il en est de même si la comparaison des 
résultats est faite 4 concentration en azote égale. 
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Introduction 


The influence of gravity on the growth of plants is in many respects 
poorly understood. The auxin theory of geotropism does not explain the 
particular role played by gravity in producing the unequal distribution of 
auxin which can be demonstrated some time after placing an orthotropic 
plant organ, e.g. a main root, in the horizontal position. It is unlikely that 
this distribution is caused by a direct action of gravity on auxin molecules. 
The influence of gravity on the growth of a root in the normal position is 
still more obscure. 

In the plant as well as in non-living systems a gravitational pull is exerted 
on all particles, which, in turn, exert pressure on neighbouring particles. 
If the position of a plant cell relative to the direction of gravity is changed, 
it is unlikely that the mere change of direction of the mutual pressures of 
the particles in the cell would cause changes in physiological activity. It 
must be assumed that physiological consequences follow only if something 
gives way under the influence of the local change of pressure; and then we 
are dealing with a movement of particles. Particles the movement of which 
lead to a geotropic reaction are called statoliths. As pointed out by F. A. F. C. 
Went (Kostytschew 1931 p. 364) the validity of the »quantity of stimulus» 
principle (the constancy of the product of mass acceleration and duration 
of exposure required to produce a minimal geotropic reaction) can be under- 
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stood only if some kind of movement, requiring a certain time, is involved 
in the susception of gravity. 

In attempts to explain the susception of gravity attention was early focused 
on certain bodies capable of changing their position within the cell, viz. 
movable starch grains present in tissues known to be the seat of high geo- 
tropic sensitivity. Such starch grains were assumed to function as statoliths. 
This hypothesis was put forward by Némec and Haberlandt, independently, 
in 1900. Although later supported by many others (cf. Rawitscher 1932, 1937), 
it has not received general acceptance. The sensitive cells might, however, 
contain other constituents capable of being dislocated under the influence 
of gravity. (Such constituents need not necessarily be heavier than the cyto- 
plasm, but might as well have a lower specific gravity.) The fact that the 
lower side of a root tip placed in the horizontal position develops a positive 
charge as compared with the upper side (cf. Rawitscher 1932; Brauner 1927, 
1942; Lundegärdh 1942 a, 1950) suggests a dislocation of ions under the 
influence of gravity. The susception of gravity, however, need not necessarily 
be bound to any capacity of the statoliths for free dislocation in the cell, but 
might as well consist in angular movements of particles which tend, at 
least statistically, to maintain a certain position in relation to gravity. It 
has been suggested that the dipole molecules of water might function as 
statoliths (Alvik 1947). Lundegardh (1950, p. 572) would rather ascribe such 
function to bipolar macromolecules, perhaps nucleoproteids, situated in the 
cytoplasmic layers. 

A strong support for the starch-statolith theory — or in general for a 
theory involving freely movable statoliths — was furnished by Zimmer- 
mann (1927). He showed that the geotropic presentation time for roots of 
the garden cress, Lepidium sativum, can be shortened considerably by placing 
the seedlings in the inverted position for a few minutes following the hori- 
zontal exposure. This observation was confirmed by von Ubisch (1928) and 
Reiss (1934). Zimmermann assumed that starch grains, which accumulated 
near the lower cell walls during the horizontal exposure, were responsible 
for the geotropic susception and pointed out that the cytoplasm in contact 
with these walls would receive an additional stimulation from the sliding 
starch grains when the root was inverted and kept for some time in the 
vertical position. 

Although confirming Zimmermann’s original experiment, von Ubisch 
rejected his explanation on the basis of experiments in which she started 
with roots having their movable starch grains evenly distributed throughout 
the cytoplasm. 

It was originally intended in the present study to repeat and extend Zim- 
mermann’s and von Ubisch’s experiments in an attempt to clarify the situa- 
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tion. The first result was a confirmation of Zimmermann’s original experi- 
ment, in the present case with roots of wormwood, Artemisia absinthium. 

In the course of the experiments, however, it appeared that the usual 
techniques for studies in this field involved various sources of uncertainty 
and error the elimination of which, therefore, constitutes part of the present 
work. It was found advisable in several cases to rotate the roots parallel to 
the horizontal axis of the klinostat. Measurements of the roots revealed, 
however, that rotation greatly influenced their rate of elongation. This obser- 
vation brings up the question of geo-growth reactions in plants. The con- 
troversial nature of this question will appear from the following brief 
summary of its history. 


Schwartz (1881), Elfving (1883), Sachs (1887), and Luxburg (1905) studied the 
influence of horizontal rotation on the rate of growth. Their results indicated that 
if such an influence existed, it was not very great (compare Rawitscher, 1932). Only 
nodes of grasses and certain Tradescantias grew considerably faster when rotated 
parallel to the horizontal klinostat axis than in the normal position. 

Zollikofer (1921) found that horizontal rotation of Avena coleoptiles resulted in 
fluctuating growth rates. In experiments by Konigsberger (1922) coleoptiles did not 
change their rate of elongation if they were rotated parallel to the horizontal klino- 
stat axis. After returning to the normal position, however, they showed an initial 
decrease followed by a somewhat greater increase of their growth rate. 

Brain (1935, compare also 1942), growing plants in damp moss, demonstrated a 
marked decrease of the growth rate of roots, particularly in Lupinus albus, but also 
in Avena and Helianthus, when they were rotated parallel to the horizontal axis 
of the klinostat for several days at one revolution per hour. Shoots in general grew 
faster under such conditions than they did in the normal position. 

Keeble, Nelson, and Snow (1931) reported that roots of maize and pea grew 
faster in the horizontal position (not rotated) than in the normal, vertical position. 
They were criticized by Cholodny (1932), who found no such effect on the klino- 
stat. Navez and Robinson (1933 a, b) found the same growth rate of the neutral 
axis of coleoptiles before, during, and after geotropic stimulation and curvature. 
Identical results were obtained by Navez (1933) with roots of Lupinus. 1 

For the study of elongation in inverted organs as compared with organs growing 
in the normal position the inverted plants were in most cases kept under such 
conditions that geotropic curvatures were prevented and the elongation of the 
organs might be followed for extended periods of time. From the older literature 
the experiments by Hering (1904) may be mentioned. He confined roots to glass 
tubes of suitable diameter. The figures in Table 1 were calculated from Hering’s 
data. In the majority of cases inverted roots grew considerably slower than roots in 
the normal position. The roots were paired according to initial length, and the 
differences are highly significant. In Vicia faba it was not always possible to prevent 
a slight bending of the tip of the inverted roots. Such roots grew faster than the 
controls. They evidently received a geotropie stimulation which may in some way 
be connected with their increased growth rate. (See Rawitscher, 1932, for further 


reviews of older work.) 
Ahrens (1933/34) allowed shoots and roots to grow in grooves in blocks of plaster 
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Table 1. Elongation of roots in the normal and the inverted position. Mean values com- 
puted from data by Hering (1904). 


oo 


| 


Elongation, mm. per 24 hours 
Plant material Number of roots 
1. day 2. day 3. day 
Lupinus 
TIO MIU iti citer eee eres 14 21.0 8.9 1:9 
Inverter as Worle 14 13.9 5.4 ji: 
Zea Mays 
MOLI Ale nee Mere 16 28.2 18.9 13.8 
inventeden Nr Rene 16 18.0 10.6 3.9 
Vicia faba 
none le CN Re 3 18.7 21.0 
HAVE TER er 3 9.7 9.3 
bEnormale EP EN. 4 13.0 125 0.0 
IVe LEE eer nn eee 4 15.8 20.8 | 4.0 


1 Roots remained straight throughout the experiment. 
2 Root tips curved slightly sidewise and were geotropically stimulated. The general direc- 
tion of growth in the glass tube, however, was unchanged. 


of paris, covered with a glass plate, in order to prevent geotropic bending of the 
inverted organs. His results obtained with roots of Helianthus indicate no difference 
in growth rate between normal and inverted roots. Roots kept at various angles to 
the vertical line, however, showed a considerably lower rate of elongation. A mini- 
mum was found at angles from 90° to 120°. The difference between the results of 
Hering and Ahrens is difficult to explain. An objection, generally realized by workers 
who confined shoots or roots to narrow tubes for extended periods of time, is that 
the mechanical friction between the plant organ and the container will tend to be 
greater in the inverted than in the normal position, because the inverted organ may 
occasionally receive geotropic stimulation and subsequently be pressed against the 
wall of the container. This objection does not seem to apply to the majority of 
Hering’s experiments in which great care was exercised to keep the root tips exactly 
vertical. Still, experiments in which the inversion was of much shorter duration 
(preferably shorter than the reaction time for horizontal exposure) seemed highly 
desirable. Such experiments were carried out by Zimmermann (1927) with roots of 
Lepidium sativum. He found that inversion of the roots for 10 minutes caused no 
change in their growth rate during that period. After returning to the normal posi- 
tion, however, roots which had been inverted grew about 10 per cent faster than 
before the inversion. After about 30 minutes their growth rate was again normal. 


If we consider the behaviour of roots, only, we notice that both accelera- 
tion and retardation of growth, as well as no measurable change, have been 
reported as consequences of moving roots out of their normal position. 

An important factor which probably accounts for part of the discrepancies 
reported seems to be the presence or absence of a drop of water at the root 
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tip. Zimmermann (1927), for instance, complained that excessive humidity 
in his growth chamber made it very difficult to obtain enough straight roots. 
Cholodny (1932) and Navez (1933) found that a drop of water, which 
generally accumulates at the tip of a vertical root in the normal position, 
decreases the growth rate of the root as compared with horizontal roots, on 
which the water does not accumulate at the tip. This finding seems to be 
the background for the statement by Went and Thimann (1937, p. 162) that 
the growth rate of the root does not depend on its position in regard to 
gravity, ie. there is no geo-growth reaction. 

As so often, the discrepancies seem to have arisen from difficulties in 
technique. The main points to improve in this particular case are concerned 
with the distribution of water on the root in the various positions and with the 
mechanical friction between the root and the surrounding medium. Condi- 
tions presumably identical in all positions of the root, were obtained in the 
present study by growing the seedlings (Artemisia) with their roots between 
two layers of agar. The inhibitory effect of the above-mentioned drop of 
water is most likely caused by exudates from the root. In agar such exudates 
will become evenly dissipated regardless of the orientation of the roots. If 
the effect of the drop of water should be to limit the supply of oxygen to 
the root, this factor will also be equal for the agar-grown roots regardless 
of their orientation. 


Material and Methods 


For the study of elongation in general, and particularly for klinostat experi- 
ments, the use of small seedlings is advantageous. A large number of small plants 
may be grown in a limited space in small, low-weight containers which are easily 
balanced on the klinostat. Ashby (1951), working in the Department of Botany, 
University of Chicago, where also the present study was begun, tested a number of 
small-seeded species for their suitability for the study of root-growth. Artemisia 
absinthium L. was selected as the most suitable for his work and was also used 
in the present study. 

The greatest advantage of Artemisia above the other species tested is the fact that 
even very young seedlings have a clearly visible root-hypocotyl junction. So the 
elongation of the root may be followed without placing any artificial marks on 
the root. 

Achenes of Artemisia were arranged parallel to one another on moist filter paper 
(Schleicher & Schüll, No. 575, gehärtete Filter, from which roots can be easily 
removed) in Petri dishes and illuminated for three hours with about 180 foot 
candles of incandescent light from a 40-watt bulb (with reflector) placed 28 cm. 
above the seeds. The illumination greatly increased the germination percentage 
(Ashby, 1951). After illumination, the Petri dishes were placed in the vertical posi- 
tion, the radicles of the achenes pointing downward, in an incubator at 29° C. 
for 20 hours and then transferred to a dark-room with controlled temperature 
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(22—23° C.). Since white light has been reported to influence cell elongation in 
several roots (review in Torrey, 1952), all further handling of the achenes and 
seedlings was done under red light, using a Corning light filter no. 2424. After 24 hours 
in the dark-room (about 48 hours after moistening the achenes) seedlings were 
selected for experiments. Seedlings having straight roots, 0.7—1 mm. long, were 
preferred, but shorter and longer roots (see later) were also used. 

The selected seedlings were placed on squares of 1.25 per cent agar, 10X10X1 mm. 
The agar used in Chicago contained 0.005 M Sérensen’s citrate buffer (pH=6.0) 
and 0.001 M CaCl,. When the experiments were resumed in Bergen a satisfactory 
rate of elongation was not obtained on this medium. So several modifications were 
tested until the following composition was finally selected: 


Citrate buffer, Sôrensen, pH 6.25 ........ FXIO AM 
Phosphate buffer, Sörensen, pH 6.20 ...... 5X10— M 
CHOI, une MSC DE OO SE 2Xx10-3 M 
Mesnil. UL MR RIT En 10-3 M 
REGLES Nur OR IE FER EEE 2810-3 iM 
Mile, do wee eee 2X10—5 M 
ZaSO PEN RAR PS RES AE Cie 2X10—5 M 
HE DO dn, eme TROT D ET EURE 2X10—5 M 
use. nt lt GRR ANR ee 4X10—7 M 
HUMoOp MEL OL. Ve, RADARS EN 2X10—7 M 


The pH-value of the final mixture was 6.0. 6 ml. of this solution was mixed with 
an equal amount of a 2.5 per cent agar solution. A 1 mm. thick agar plate was 
cast by pouring 10 ml. of the mixture on a horizontal glass plate measuring 
100 sq. cm. 

In Bergen growth was better on this medium than it was on the original citrate- 
calcium medium, but still not as good as in Chicago. The individual microelements 
were not tested separately for their effect on elongation of the roots. It was found, 
however, that a mixture of micronutrients was beneficial. Phosphate, added sepa- 
rately, also improved growth. Calcium had a very pronounced effect with an optimum 
between 210-4 M and 2X10—3 M in the final agar mixture. 

Seven seedlings, parallel to one another, were lined up on each square in such a 
manner that their root-hypocotyl junctions were 1—1 !/2 mm. inside one edge of the 
square. They were covered with a similar square of agar without enclosing any 
air-bubbles around the roots. Two double-squares of agar, holding a total of 14 
seedlings, were placed on a glass slide and covered with a lid of plastic (47X23X 
6 mm.; actually the top for a plastic specimen box, 47X23X18 mm.; Fig. 1). The 
plastic cover was kept in place by two rubber bands. Several plant containers were 
prepared in the manner described and placed in Coplin staining jars, the plants 
growing in the normal, vertical position for 11/„—2 hours before the experiments 
were begun. Subsequent observations and measurements with a horizontal micro- 
scope (magnification 25 X; 1 micrometer unit=27.0 u) were made through the 
slide, while the seedlings were illuminated with weak, red light through the plastic 
cover. Final measurements were made at a lower magnification (5.4 X; 1 micrometer 
unit=125 u). | 

The length of the roots was measured initially (i.e. after a 11/2—2-hour adjust- 
ment period) and then, generally, after four successive periods of 1—2, 1, 4, and 
14 hours’ duration, respectively. Plants that were to be inverted and/or rotated 
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on the klinostat were allowed to grow in the normal position for a period of one 
or two hours after the initial measurement. Their rate of elongation during this 
period was used as a basis for selecting comparable roots in the control series and 
the treated series. The subsequent growth rate of roots of treated plants was com- 
pared with that of those untreated (control) plants which belonged to the same 
length-group (generally comprising 10 micrometer units or 270 u), and had 
approximately the same initial rate of elongation as the treated ones (compare the 
example in Table 2). Treated roots which had no counterparts in the control series 
with respect to both initial length and initial growth rate were not considered for 
further calculations. Such a selection was necessary because control roots did not 
elongate at a constant but at an increasing rate. The growth rate of a given root, 
therefore, depends on its age, and consequently on its length at the start of the 
experiment (Fig. 5). Roots which showed an extremely low or extremely high 
rate of elongation during the selection period were disregarded in order to reduce 
variation. 

Rotated plants had to be removed from the klinostat for measurements. Measuring 
the 14 roots on each slide required 7—8 minutes. Plants were ordinarily kept in the 
normal, vertical position during this period, after which the slide was again placed 
on the klinostat. Plants which had been inverted, however, were kept in the inverted 
position also during subsequent measurements. 

Two identical klinostats were available for the experiments carried out in Bergen. 
It was possible, therefore, to compare directly the rate of elongation of roots rotating 
horizontally with that of control roots rotating at the same velocity in the normal 
position parallel to the vertical klinostat axis. The differences in growth rate were 
expressed as percentages of the growth rate of such control roots during comparable 
periods of time (Tables 2, 3 and 6). For the experiments in Chicago only one klino- 
stat was at hand. So the rate of elongation of horizontally rotating roots (a) was 
compared with that of roots growing in the normal position (b), the slides standing 
in Coplin staining jars on the table. The vibrations caused by the motion of the 
klinostat might, however, have some effect on the growth rate of the roots. In order 
to determine any such effect, separate experiments were carried out in which the 
elongation of roots growing in the normal position on the table (c) was compared 
with that of roots rotating in the normal position parallel to the vertical axis of 
the klinostat (d). It appears from Table 5 that the vibrations in some cases have 
a slight, stimulatory effect on the rate of elongation. It may be concluded that when 
roots grow slower on the horizontal klinostat axis than in the normal position, 
standing on the table, the retardation is not a consequence of the vibrations caused 
by the motion of the klinostat. In order to make the results obtained in Chicago and in 


en d : 
Bergen directly comparable, the rate b was corrected by multiplication by = The dif- 


ference in growth rate between horizontally and vertically rotating roots was com- 
puted as percentages of the growth rate of the latter, using the expression 


d 
' ee _ 100ae 90 
per cent difference = 5 bd 


Ba 
c 


These percentages are plotted in Fig. 7, while Table 5 contains the differences 
expressed as percentages of the growth of non-rotated controls. 
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1 2 


Figure 1. 14 Artemisia seedlings mounted between agar squares on a glass slide and pro- 
tected by a plastic cover. 


Figure 2. Synchronous klinostat with holder for 6 slides. Axes horizontal. 


The klinostat used in Chicago was a Pfeffer’s klinostat, powered by a clock-work. 
Its velocity of rotation was controlled by adjusting the position of brass wings, the 
motion of which was determined by the resistance of the surrounding air. 

In Bergen a pair of specially constructed klinostats were employed (Figs. 2 and 3). 
They were powered by small synchronous motors (230 volts, 2.0 watts; manufac- 
tured by the Venner Time Switches Ltd., Kingston By-Pass, New Maiden, Surrey, 
England). This means a very considerable improvement over the Pfeffer’s klinostat 
with respect to regularity of motion and reduction of mechanical vibration. The 
velocity of these klinostats is absolutely independent of the load on the axis and 
the distribution of the load. The synchronous motor either follows the cycle of 
the alternating current, or it stops. The synchronous klinostats were furnished with 
gears and 11 separate axes, making one revolution per 0.25, 0.5, 1, ete. up to 256 
minutes, respectively. A special attachment for holding 6 slides was made from cast 
aluminium (Fig. 4). The weight of this plant holder (500 g) is close to the limit 
of the capacity of the small, 2-watt motors when rotation at 0.25 min. per revolu- 
tion is desired. At 16 min. or more per revolution, however, several kilograms, 
with a considerable skewness in distribution, may be rotated without difficulty. 

As mentioned above the plants were divided in groups according to the initial 
length of their roots and their initial growth rate. As a mean there was between 9 
and 10 individuals per group of »treated» plants and likewise between 9 and 10 per 
group of control plants. No group contained less than 4 plants. Although the 
numbers of plants per group were not identical, pairs of these groups were used 
as a basis for statistical treatment. The difference in growth rate between a group 
of treated and a group of control plants was expressed as percentages of the growth 
rate of the controls as shown in Table 2. As an expression of the effect of rotation 
at a given velocity during a given period was taken the unweighted, arithmetic 
mean of the percentages obtained in all the pairs of groups (Table 3). The square 
sums of the deviations of the individual percentages from their means were cal- 
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Figure 3. Synchronous klinostat. Axes vertical. Note switch and synchronous motor. 
Figure 4. Hollow, cast aluminium holder for 6 slides. 


culated. The variation appeared to be independent of whether the plants grew in 
the normal position standing on the table, were rotated horizontally or vertically, 
or had been inverted. It was permissible, therefore, to add up all the square sums 
obtained in comparable periods of time in all the experiments performed in the 
same laboratory and calculate a common standard deviation for each period. These 
standard deviations are given in Table 4. 

The low value of s in the selection period is of course a result of the selection 
itself. Mean errors and t-values were not computed for the selection period, but 
obviously the differences in growth rate during this period are statistically entirely 
insignificant. The standard deviations for the 1. hour and the 2.—5. hour after 
beginning of the treatment are so close that the corresponding square sums may be 
pooled, and a common standard deviation, covering both of these periods, may be 
computed. These common standard deviations are: Chicago: s=9.36 (f=128), Ber- 
gen: s=7.59 (f=52).-Mean errors and t-values may be found in Tables 5 and 6. 

The distribution about zero of the deviations of the individual percentages from 
their means was examined, pooling results from the last three experimental periods 
in the Chicago material. It was found that there was a slight excess of values lower 
than the mean. A x? test showed a P-value between 30 and 50 per cent. A similar 
study was made on the basis of the distribution of the absolute differences (not 
expressed as percentages) between the growth rates of treated plants and their 
controls. The rocts grow faster the longer they are, and these differences increase too. 
Their standard deviation increases, accordingly. It was possible, however, to group 
the data and to adjust the size of the groups in such a manner that an identical 
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Table 2. Example of calculation of the effect of rotation parallel to the horizontal axis 

of the klinostat on rate of elongation of roots. Control plants rotated in the normal posi- 

tion, parallel to the vertical axis of the klinostat. Velocity of rotation: 1 revolution per 

0.25 min. During the selection period all plants were kept in the normal position and not 

rotated. Initial length and growth rates given with mean error (e) to show the individual 
variation within a given group of roots. 


RÉ 


Position of Initial Mean rate of elongation; ) per hour+e 

klinostat ner length; Selection Periods after beginning of rotation 

of plants $ 
axis ute period 
(2 hrs.) 1.hr. | 2—5. br. | 6.—19. br. 

Vertical...... 7 942 + 24.3 88 + 7.6 116 + 15.2 | 147 + 7.1 | 190 + 15.7 
FOTIZ  Goeano 9 916 + 25.8 87 + 8.6 74+11.0 | 106 + 10.5 | 130 + 18.7 
Difference; p per hour: ..... — — 42 — 41 — 60 
Difference as 9/0 of vertical controls: — it — 36.2 — 28.0 — 31.5 


Table 3. Effect of rotation parallel to the horizontal klinostat axis on rate of elongation 
of roots. Velocity of rotation: 1 revolution per 0.25 min. Example of variation. Standard 
deviations based only on material contained in this table. 


pers . Difference in growth rate, expressed as 0/0 of growth 
Number of BR Initial length; p rate of controls (cf. Table 2) 
À | ; + Selection Periods after beginning of rotation 
Vertical | | 
CRC ES AS a on 1. hr. 2.—5. hr. | 6.—19. hr. 
11 14 501 491 — 3.4 — 21.8 — 29:3 — 54.4 
7 4 115 744 + 0.6 — 40.0 — 36.9 — 22.8 
7 9 812 850 + 0.5 — 30.0 — 31.9 — 329 
7 9 942 916 — 1.1 — 36.2 — 28.0 — 31.5 
7 9 1213 1229 + 5.8 ren! — 13.6 — 16 
6 5 1259 1319 — 1.3 — 40.1 eles — 12.4 
NMG AM enge ete ce 0.2 — 33.5 — 28.7 — 28.6 
Standard deviation (f=5) ......... + 3.12 + 5.98 + 7.96 + 14.90 
Mean errors IN OR + 1.27 + 2.44 --* 3.25 + 6.08 


Table 4. Standard deviation, s, of mean values of differences between growth rates of 
controls and treated roots. (Difference expressed as percentages of growth rate of controls.) 
f=total number of accumulated degrees of freedom within a given experimental period. 


| | 


nn f | Se Periods after beginning of treatment 
eriod ; 
| I me 1. hr.; s | 2.—5. hr.; s |6.—19. hr.;s 
Chicagor Fain ses. | 64 | + 2.74 + 9.47 +926 + 10.66 1 | 
Bergen haan mu ape 26 + 2.83 + 7.89 + 7.28 ae AU | 


1 f—58. 
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number of groups was obtained for each of the three periods. These groups were 
pooled and showed a considerable excess of values higher than the mean. A % test 
indicated a P-value of only 2—5 per cent. There is no doubt, therefore, that the 
differences in growth rate should be calculated as percentages of the control rate 
before calculating the mean and the standard deviation. 


Rate of Elongation of Control Roots 


As mentioned previously the rate of elongation of the roots of young 
seedlings of Artemisia increased with increasing age of the seedlings. The 
course of elongation of these roots was analyzed on the basis of 549 roots 
of the Chicago material, growing in the normal position without rotation. 

When root-length was plotted against time, the resulting curve indicated 
an exponential type of relationship. A tentative plotting of the square root 
of the length of the root against time yielded a slightly curved line. It might 
be assumed, however, that the principle governing the early rate of elongation 
would apply only to the part of the root which grew out after the beginning 
of germination. The average length of the radicle after 3 hours’ soaking was 


160 u (mean of 20 radicles). If J is the total root-length in u, Vi—160 is the 
square root of the total increment after the beginning of germination. When 
this value was plotted against time, an almost straight line appeared. The 


slope of this line, AV1—160/At, computed by the method of the least squares, 
was 2.039 (J measured in u, t in hours). 
The equation connecting root-length and time, therefore, is 


Vi—160=2.039 t. (1) 


This line and the points from which it was calculated are shown in Fig. 5. 
If equation (1) holds over the entire period of early germination, the time 
values on the abscissa would mean hours after the beginning of elongation 
of the radicle. The time for the outset of elongation cannot be determined 
accurately by observation and measurements. According to the curve a root 
would grow 935 u during the first 15 hours. This seems to be a reasonable 
value as indicated be early inspections of the cultures. Probably, however, 
somewhat more than 15 hours are required for the root to attain a length 
of 935 p. 

Equation (1) may be written. 

1=4.158 t?+160 (2) 


The first derivative of this expression is 
=8.316 t (3) 


This equation is represented graphically in Fig. 5 and shows that the rate 
of elongation is a linear function of time during the period in which growth 
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j PER HOUR 


t, HOURS 


Figure 5. Elongation of control roots. Abscissa: hours after beginning of elongation as 

computed from the equation Vi—160=2.039 t. Left-hand ordinate: VI—160 (i measured 

in u). Right-hand ordinate: l’ in u per hour. Dots in the /’ line indicate mean rate of 

elongation during 4 typical experimental periods. S=selection period, 1., 2.—5., and 6.—19. 

hour indicate periods after beginning of rotation or other treatment of plants comparable 
| to the control plants. 


measurements were made. The mean rates of elongation in u per hour during 
four typical experimental periods are represented by dots in the line. These 
mean values give an idea of the order of magnitude of the rate of elongation 
of control roots, used as a basis for computing the effect of rotation or other 
treatment as percentages of that rate. 

The rate of elongation, of course, does not increase indefinitely, so both 
curves shown in Fig. 5 are probably S-shaped if extended beyond the range 
over which actual measurements were taken. 

Since I’ and t cannot be determined by direct measurement an expression 
of the relation between root length and growth rate in u per hour is desirable. 

Suppose the root-lengths /,, and I, are recorded at times ?, and f,, respec- 
tively. From (2) we get: 


En — ln = 4.158 (es) (4) 
Al 
or 18316 1n+4.158 At (5) 


in which, according to (1), Vin — 160/2.039 may be substituted for t 


Al 
At 


n° 


— 4.078 VI, —160+4.158 At (6) 
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For At=1 hour we arrive at the following expression: 
Al=4.078 VI—160+4.158 (7) 


in which Al is the elongation of the root during the first hour after attaining 
the length 1. 

If this equation holds down to /=160 u, the root should grow about 4 u 
during its first hour of elongation. When / has reached 1095 u (beginning of 
the selection period in Fig. 5), the root will grow 129 u during the subsequent 
hour. Expressions similar to (7) may be obtained for t=4 hours, 14 hours 
or any other period of time. 

In Bergen, control roots grew at a somewhat lower rate than in Chicago. 
The acceleration of elongation, which was about 8.3 in Chicago, was between 
6.5 and 7.2 in Bergen, and was sometimes further reduced before the end of 
an experiment. A detailed analysis of the Bergen material of control experi- 
ments, however, was not made. 


Geotropic Presentation Time as Influenced by Inversion 
of the Roots 


In this study the geotropic presentation time was defined as the duration 
of exposure in horizontal position which resulted in positive geotropic curva- 
tures in 50 per cent of the roots. As curvature was taken the slightest asym- 
metry of the root tip, detectable at a magnification of 25 X one hour after 
the beginning of the exposure. The curvatures were in all cases followed for 
at least 2 hours, but the maximum number of curvatures was found at the 
one-hour observation. 

Seedlings of Artemisia were grown on agar squares on glass slides as 
described previously. At the end of the horizontal exposure some of the plants 
were placed parallel to the horizontal axis of the klinostat. They were rotated 
at a velocity of 1 revolution per 28 minutes. Other plants were inverted after 
the exposure and kept in the inverted position for 20 minutes before they, 
too, were placed on the klinostat. At intervals, the slides were removed from 
the klinostat and the roots inspected for geotropic curvatures by observation 
through a horizontal microscope. During the inspection, which lasted for 
about 2 minutes per slide, the plants that had been inverted were kept in 
the inverted position, the others in the normal position. 

The results are shown graphically in Fig. 6. Each point is the mean of 
observations of 31—51 initially straight plants, except at 8 min.’ and 30 min.’ 
exposure in which cases the numbers of plants were only 19 and 14, 


respectively. 
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Figure 6. Ordinate: Percentage of roots show- 
ing positive geotropic curvature at one hour 
after the beginning of horizontal exposure. 
Abscissa: Duration of horizontal exposure. 
After horizontal exposure part of the plants 
(circles) were inverted for 20 min.; then ro- 
tated parallel to the horizontal axis of the 
klinostat at a velocity of 1 revolution per 28 
min. The remaining plants (crosses) were not 
0 inverted, but immediately placed on the klino- 
EXPOSURE, MINUTES stat. 


POSITIVE CURVATURES 


The curves show that the normal presentation time, as defined, is 11 
minutes. If the plants were kept in the inverted position for 20 minutes 
following the horizontal exposure, the presentation time was reduced to 
3.2 minutes. 


Rate of Elongation as Influenced by Rotation of the Roots 


The results reported in the preceding section constitute a confirmation of 
Zimmermann’s results with cress, and, together with results obtained by 
von Ubisch and others, indicate that the position of the plant with reference 
to the direction of gravity (even in the socalled neutral positions) does have 
an influence on processes connected with geotropic movements. This influence 
need not necessarily or primarily be on the rate of elongation. On the other 
hand it seemed entirely possible that inversion of the root might change its 
rate of growth. This possibility has been tested by Zimmermann and others 
with the controversial results reviewed in the introduction. 

It was intended to investigate the effect of inversion on the rate of elonga- 
tion of roots of Artemisia using the technique described previously. For this 
study it was considered desirable to rotate some of the plants parallel to the 
horizontal axis of the klinostat after the inversion. Control experiments with 
plants that had not been inverted but only rotated on the klinostat showed, 
however, that rotation itself had a marked influence on growth rate. Rotated 
roots grew slower than roots in the normal position. 

It might be assumed that this effect depended on movements of particles 
in the cytoplasm. Such movements in a viscous medium must require a 
certain time. It seemed possible, therefore, to reduce the amplitude of the 
movements by rotating the plants at a higher velocity, but without producing 
noticeable centrifugal forces. 


Consequently the effect on growth rate of rotation at various velocities 
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Table 5. Effect of rotation and/or inversion on growth rate of roots. During the 1 1/2—2-hr. 

selection period plants were kept in the normal position, but not rotated. Thereafter control 

plants (x) were allowed to grow undisturbed in the normal position throughout the experi- 
ment, while other plants were subjected to one of the following treatments: 


> rotated parallel to the horizontal axis of the Pfeffer’s klinostat. 
++— inverted for 20 min.; then rotated as above. 

++ rotated in the normal position parallel to the vertical axis of the Pfeffer’s klinostat. 
Ÿt+ inverted for 20 min.; then returned to the normal position; not rotated. 


Difference between growth rates of controls and treated roots expressed as percentages 
of the growth rate of control roots; for instance: 100 (Y> minus Viv. 

n=number of comparable pairs of plant groups. f=number of degrees of freedom on 
which s was based. s=standard deviation of the mean. e=mean error. t=mean/e. 
5 °/o level=value of t required for significance at the 5 %o level. 


Periods after beginning of treatment 
Mi 1. hour 2.—5. hour 6.—19. hour 
eG qe ts Selec- | s = 9.36 s — 9.36 s = 10.66 
Var Au n| tion | f=128 f = 128 f=58 
Sa HE period | 5 0/0 level — 1.98 | 5 0/0 level — 1.98 | 5 0/0 level = 2.00 
Mean | Mean t Mean ” t Mean A t 
diff., °/o| diff., ol © diff., 0/0 diff., Vo 
5 one 071 081382.047/— 62| 2892) 162) 166153311412 
ee were 031-1 3.2) 331| 0.97) 26) 3.31) 0:79) À 7.915.331) 1.48 
RE 0 M6) 35410130 7.410864 9,09 "17.8 | 4.03 | 441 
2 | tL 484205 | — 70,7) 3.31 |.0:21)/— 0.8.) 3:31 10.24) 0:3: 13.77") 0.08 
V4 | 2} — 1.2 |—25.6| 6.63| 3.86|— 6.8] 6.63| 1.02|— 10:2|7.55 | 1.35 
+> | 6 0060| 18:7) 3.82 489 \--27,2| 3832| 7.11 |— 40.114 35) 922 
14 4+ | 6| —03)-+119)| 3.82] 312 | 4.1] 3.82] 1.07|—+ 2.8] 4.35 | 0.64 
+t>] 5 | —1.2 |—33.0| 4.19] 7.87|—33.6| 4.19 | 8.01 | — 43.0 | 4.77 | 9.02 
t= | 6.\.— 06) — 10:1| 3:82) 2.64 | — 14.8} 3.82)| 3.88) —24.41 4:35) 5.61 
28 vr | 4] —04]+ 1.4] 4.68] 0.30|+ 8.6] 4.68] 1.84) + 9.6|5.33 | 1.80 
4+>!13|+2.6 |—20.8| 5.41| 3.84|— 923.8 | 5.41 | 4.40 | —- 31.5 | 6.16 | 5.11 
> |7|+0.4 |—11.9| 3.54| 3.36 | — 14.5 | 3.54| 4.10 | — 21.8 | 4.03 | 6.15 
{ vv 4109| 3114.68) 0:66] — 2.3| 4:68 0,49) — 1.9|5.33:| 0.46! 
Not | ai 
tes 3.82 | 4.34 2.0 | 3.82! 0.52 3.7 4.35 | 0.85 
rotated | EEE ms 2 da a 
i n—4; 


was studied. The highest rate of rotation obtainable with the Pfeffer’s klino- 
stat was 1 revolution per 37 sec. (=0.62 min.). The distance of the plants 
from the axis of rotation was 2.5 cm. The corresponding centrifugal force 
is thus 7.35X 10° g, i.e. entirely insignificant as compared with gravitation. 
The highest velocity available on the synchronous klinostats was 1 revolu- 
tion per 0.25 min., producing a centrifugal force of 4.510% g, which is 
also negligible as compared with gravitation. 
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Table 6. Rotation experiments on the synchronous klinostats. During the 1 1/2 2-hr. selec- 
tion period plants were kept in the normal position, but not rotated. Thereafter control 
plants (F+) were rotated parallel to the vertical axis of one klinostat while other plants 
(+>) were rotated at the same velocity, parallel to the horizontal axis of the other klinostat. 

Difference between growth rates of controls and horizontally rotated roots expressed 
as percentages of the growth rate of controls: 100X (Y> minus +¥+)/++. For explanation 
of symbols see Table 5. 


Periods after beginning of rotation 
1. hour 2.—5. hour 6.—19. hour 
Mi Selec- | s= 7.59 SNS. Ss 12.01 
ai ial n | tion | f=52 f= 52 f= 26 
ian ot period | 5 0/0 level = 2.01 5 0/0 level = 2.01 5 0/0 level — 2.06 
Mean | Mean 2 t Mean é t Mean 2 t 
diff., °/o| diff., 0/0 diff., 0/0 diff., 0/0 
0.25 6 | + 0.2 |— 33.5] 3.10 | 10.80 | —28.7| 3.10 | 9.25 | — 28.6| 4.91 | 5.82 
0.5 6 | +1.5 | — 10.5| 3.10 3.38 | —17.9| 3.10 | 5.78 | — 28.8 M 4.91 | 5.86 
2 4 | — 0.1 |— 7.2] 3.80 1.89 | —15.6| 3.80 | 4.10 | — 31.0 | 6.00 | 5.17 
16 5 | — 0.4 |— 22.8| 3.39 6.72 | — 23.9 | 3.39 | 7.05 | — 29.1 | 5.38 | 5.40 
64 5 | +09 | — 4.5] 3.39 1.33|—14.2| 3.39 | 419 | — 13.7 | 5.38 | 2.54 
128 6 | — 0.3 | — 20.0 | 3.10 6.45 | — 13.7 | 3.10 | 4.41 | —17.3| 4.91 | 3.52 


The results of these experiments are shown in Tables 5 and 6, and in Fig. 7. 

When roots were rotated on the Pfeffer’s klinostat the greatest reduction 
of their rate of elongation was found at a velocity of 1 revolution per 14 min. 
As expected, the reduction was less at velocities of 1 revolution per 2 min. 
and 0.62 min. At low velocities, such as 1 revolution per 28 or 52 min., the 
reduction in growth rate was less than at 1 revolution per 14 minutes. 

A general feature in all these experiments is the increase of growth- 
retardation with time. 

Since the synchronous klinostats had gears with fixed velocities of rota- 
tion, it was not possible to test exactly the same velocities as were employed 
using the Pfeffer’s klinostat. The minimum, found at 16 min. per revolu- 
tion, however, is in good agreement with the results obtained with the Pfef- 
fer’s klinostat. Also the increase in growth rate at lower rates of rotation was 
substantiated. The increase at higher velocities is evident during the first 
hour, although not so pronounced as was found with the Pfeffer’s klinostat. 
During the sixth to nineteenth hour, the reduction seems to be independent 
of the rate of rotation unless this is very low. 

On the basis of the results obtained with the Pfeffer’s klinostat it was 
expected that rotation of the roots at a velocity of one revolution per 0.25 
min. would have practically no effect on their rate of elongation. The results 
obtained at this velocity with the synchronous klinostats, however, were 
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Figure 7. Ordinate: Per cent difference in 
growth rate between roots rotated parallel to 
the horizontal axis of the klinostat and con- 
trol roots rotated in the normal position 
parallel to the vertical axis at the same velo- 
city. Lower abscissa: Duration of one revolu- 
tion of the klinostat axis in minutes. Upper 
abscissa: Logarithm of the same values. Curve 
designated Before rotation represents ihe 
selection period, in which plants were not 
rotated. 1. hour, 2.--5. hour and 6.—19. hour 
indicate periods after beginning of rotation. 
For procedures in computation, see p. 741. 


SYNCHRONOUS KLINOSTAT 
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surprising, inasmuch as the growth rate already during the first hour dropped 
by about 30 per cent and remained low throughout the experiment. 
The results of these measurements will be discussed in a later section. 


Rate of Elongation as Influenced by Temporary Inversion 
of the Roots 


For the study of the effect of a temporary inversion on the rate of elonga- 
tion of the roots, Artemisia seedlings were grown in the same manner as in 
the preceding experiments. After a selection period, in which the initial 
growth rate of the roots was determined, some of the plants were inverted 
and kept in the inverted position for 20 minutes, after which period they 
were either returned to the normal position or rotated parallel to the horizon- 
tal axis of the klinostat. Control plants were kept in the normal position 
throughout the experiment. 

The results of these experiments are shown in Figs. 8 and 9, and in 
Table 5. If no klinostat was used (Fig. 8, top), roots which had been inverted 
grew 16.6 per cent slower than controls during the first hour. This value 
represents the average rate during a period in which the roots grew first in 
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Figures 8 and 9. Ordinate: Per cent difference in growth rate between non-rotated control 
roots, growing in the normal position, and roots which were inverted and/or rotated on 
the Pfeffer’s klinostat. Abscissa: Hours after beginning of treatment. Points are placed in 
the middle of the period they represent. Points at minus 0.5 hr. represent the selection 
period. Triangles: Plants inverted for 20 min.; then returned to the normal position. No 
rotation. Crosses: Inverted for 20 min.; then rotated parallel to the horizontal axis of the 
klinostat. Circles: No inversion. Rotated parallel to the horizontal axis of the klinostat. 
Squares: No inversion. Rotated parallel to the vertical axis of the klinostat. 


the inverted position for 20 minutes and then in the normal position for 40 
minutes. Since the growth rate was normal during the subsequent periods 
it is probable that it had also been normal during the later part of the first 
hour. The growth rate during other parts of the first hour may, therefore, 
temporarily have been slower than the average recorded. 

If the plants were placed on the klinostat at the end of the 20-minute 
inversion period, their roots also grew slower than normal control roots. 
As shown in the preceding section, however, rotation itself had the effect 
of lowering the growth rate, at least at relatively low velocities of rotation. 
In order to get an estimate of the effect of temporary inversion, the rate of 
elongation of the inverted and then rotated roots should be compared with 
that of roots which were rotated horizontally without preceding inversion. 
If the growth rate of rotated, but not inverted roots is taken as a basis, the 
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decrease in growth rate of temporarily inverted roots during the first hour 
at velocities of one revolution per 2, 14 and 28 minutes, respectively, is as 
follows: 22.0, 17.6, and 11.9 per cent. On the klinostat, at 14 and 28 minutes 
per revolution, the effect of temporary inversion seems to last longer than 
when the roots are returned to the normal position. It should be remembered 
in this connection that roots which had been inverted were again kept in the 
inverted position during the 7—8-min. period of measurement at the begin- 
ning of each of the two last experimental periods, while non-rotated roots 
were measured in the normal position. 

The results of these experiments indicate that the average rate of elonga- 
tion of Artemisia roots which have been inverted for 20 minutes is consider- 
ably lower than normal during the first hour, including the 20-minute 
inversion period. The results do not permit any conclusions as to fluctuations 
or possible temporary stimulation of growth during this period. 

When roots are rotated on the klinostat after temporary inversion, one 
would evidently overestimate the growth-retarding effect of inversion if the 
effect of horizontal rotation alone is not taken into account, particularly if 
the rotation is done at 14 or 28 min. per revolution. 


Discussion of the Influence of Gravity on the Rate of Elongation 


The influence of gravity on the growth rate of Artemisia roots may be 
discussed on the basis of the results shown in Figs. 7, 8, and 9. If we con- 
sider the growth rate of roots in the normal, vertical position as the »normal» 
rate, we notice a retardation of growth at all the tested velocities of rotation 
parallel to the horizontal axis of the klinostat (Fig. 7). The retardation in 
the 6.—19. hour may be the after-effect of a previous influence of rotation 
on embryonic growth, combined with a more recent effect on cell elongation, 
whereas the retardation in the first hour may be taken as the expression of 
an effect purely on cell elongation. The latter case appears to be the simpler 
one to analyze. Since, further, the results obtained with the two different 
types of klinostat are in better agreement within the first hour than during 
subsequent periods, the present discussion will be concerned mainly with 
elongation during the first hour. 

As will be shown in the following section, there is reason to assume that 
the growth-directing influence of gravity on the rotating roots is eliminated 
when the duration of one revolution is between 0.5 and 2 min. This assump- 
tion is based in part on considerations concerning irregular curvatures, which 
developed in several roots mainly at 0.25—2 min. per revolution. These 
curvatures were visible after 3—5 hours of rotation and became more pro- 
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nounced during subsequent hours (Fig. 10). Roots, although curving, 
remained between the agar squares. The length of curved roots was deter- 
mined as the sum of shorter sections between incidental marks such as root 
hairs or small particles in the agar. The mean of such measurements agreed 
within 2 per cent with the mean of control measurements of shadowprints 
of the same roots. 


Figs. 10 and 7 (first hour) indicate a certain relationship between the 
occurrence of irregular curvatures and the rate of cell elongation. At 14 and 
16 min. per revolution roots remain approximately straight, but their rate 
of elongation is markedly reduced as compared with vertical controls. At 2, 
0.62, and 0.5 min. per revolution the increase in irregular curvatures indicates 
a reduced influence of gravity on the direction of growth of the roots, and 
at the same time the reduction in rate of elongation is smaller than it was 
at 14 or 16 min. per revolution. In no case was elongation stimulated by 
horizontal rotation. We therefore arrive at the concept that gravity, when 
acting in the normal direction, is only slightly stimulatory and may not have 
any effect on the rate of cell elongation in roots. When acting in the opposite 
direction (inversion experiments, Figs. 8 and 9) or perpendicular to the axis 
of the root (rotation at 14 or 16 min. per revolution, Fig. 7) gravity has a 
retarding effect on cell elongation. 

It now remains to discuss the behaviour of rotating roots when the period 
of the rotation lies outside the range between 0.5 and 16 min. Between 16 
and 64 min. per revolution the retarding effect of rotation becomes smaller 
and smaller as the rate of rotation decreases. At 64 min. per revolution the 
rate of elongation during the first hour approaches the normal rate. At 64 
and 128 min. per revolution the roots receive a powerful geotropic stimulus 
during the first minutes on the klinostat, and the reaction time will have 
elapsed before a root reaches the opposite position, in which the original 
stimulus is counteracted. Consequently geotropic curvatures begin to develop. 
At 64 min. per revolution these curvatures are just visible as a slight asym- 
metry of the root tip after 1 hour of rotation. At 128 min. per revolution the 
curvatures as observed after 1 hour extend to more proximal parts of the 
root. After 5 hours of rotation the curvatures are smaller, and after 19 hours 
the roots are approximately straight. These curvatures may take place also 
in directions at an angle to the agar square depending on the position in 
which the slides were originally placed on the klinostat. In such cases it is 
impossible to measure the length of the root accurately with the set-up 
employed. The length will be underestimated, and this is probably part of 
the explanation of the low value for the 1-hour reading at 128 min. per 
revolution, which should be disregarded. At one revolution per 64 min. the 
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tip does not actually bend, only becomes slightly asymmetric. The error 
of the 1-hour reading at this velocity, therefore, is small. 


The behaviour of Artemisia roots at 64 min. per revolution suggests that 
if a geotropically stimulated root has a chance to start bending, its rate of 
elongation is approximately normal, or at least not noticeably reduced, in 
contrast to the situation at higher velocities where the opposing stimuli are 
closer together and therefore prevent a geotropic curvature. Somewhere 
between 16 and 64 min. per revolution the final stages of preparation for 
actual performance of a movement must have time to become completed 
before the whole process is counteracted by a stimulus in the opposite 
direction. The further these preparatory processes are allowed to advance 
the more will the rate of elongation approach normality. This consideration 
is in agreement with the measurements by Navez (1933), who found the 
same rate of elongation before, during, and after the performance of geo- 
tropic curvatures in roots of Lupinus. In this connection the experiments by 
Hering (1904) with roots of Vicia faba are of particular interest. As men- 
tioned before (Table 1), inverted roots of Vicia faba showed a considerably 
reduced rate of elongation as compared with controls in the normal position. 
If, however, the tips of inverted roots, confined to glass tubes, deviated 
slightly from the vertical line and received a geotropic stimulus, they would 
grow faster than controls, even though the root tips had no space to perform 
an actual downward movement. 


It is possible that also geotropically curving Artemisia roots would grow 
faster than controls if they were not rotated on the klinostat. Rotation may 
still have a retarding influence on the rate of elongation at the low velocities. 


Roots rotated at one revolution per 0.25 min. showed an exceptionally 
low rate of elongation during the first hour. No explanation of this behaviour 
can be offered at present. 


The retardation of elongation demonstrated in horizontally rotating roots would 
be in agreement with the assumption of an increased production or liberation of 
auxin in such roots. Nodes of grasses were shown to resume their production or 
liberation of auxin under similar conditions (Schmitz, 1933), and rotating hypo- 
cotyls of Lupinus yielded more auxin than upright ones (Brain, 1942). 

When nodes of sugar-cane were placed in the horizontal position (not rotated), 
the auxin concentration in the nodal growth ring increased by about 100 per cent 
(van Overbeek et al., 1945). Since, further, the amount of tissue, particularly in the 
lower half of the growth ring, increased several times, the absolute excess of auxin 
in the lower half of the node became very considerable, in spite of the fact that there 
was no significant difference in concentration of auxin in upper and lower halves. 
Applied auxin, however, does not seem to affect the rate of cell elongation in nodes 
of grasses. — Gravity evidently has a distinct effect on embryonic growth in nodes 


of sugar-cane. 
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In most cases the retardation of growth was considerably greater during 
the 6.—19. hour of rotation than it was during the 1. hour. This increase of 
retardation with time is manifest also if AVI—160/hr. is used as a basis for 
comparison instead of Allhr. (cf. Fig. 5). The explanation of this behaviour 
of the roots constitutes a complicated problem which cannot be solved on 
the basis of the present experimental material. It should be borne in mind 
that the cells engaged in actual elongation during at least the second half of 
the 6.—19.-hr. period are not the same as were elongating during the 1. hr. 
Further, the increase in growth rate of control roots with time (Fig. 5) may 
be a result of an extension of the elongation zone, the number of actively 
elongating cells increasing with time. The growth-retardation recorded after 
prolonged rotation, therefore, is most likely caused both by an effect of 
rotation directly on the elongating cells themselves and by an after-effect of 
previous rotation on cells in the embryonic state. Rotation may impair the 
capacity of embryonic cells for later elongation, and it may retard cell divi- 
sions or protoplasmic growth. Brain (1939) found that prolonged rotation of 
Lupinus seedlings at one revolution per hour reduced the final length of root 
cells; (the effect on shoot cells was the reverse). Whether such effects show 
the same dependence on velocity of rotation as the effect on rate of cell 
elongation cannot be said until the cause of the quantitative discrepancy 
between the results obtained with the two different types of klinostat in the 
6.—19. hour has been found. 

The electrical statolith theory assumes that a partial separation of positive 
and negative particles under the influence of gravity is responsible for the 
initiation of physiological changes which lead to geotropic reactions. 

Brauner (1927) found that both roots and stems soon developed a trans- 
versal potential difference (5—10 millivolts) when they were placed in the 
horizontal position, the lower side becoming positive with reference to the 
upper side. Brauner’s conclusions were criticized by Lundegardh (1942 a, 
1950), who found that a change in this direction took place only at the 
extreme tip of a root, while the signs of the charges were reversed in more 
proximal regions. It was claimed by Brauner (1927; cf. also 1942) that 
the geoelectric effect occurs also in dead plant organs. The claim, however, 
was not substantiated by the careful studies by Schrank (1947, 1950, 1951) 
on Avena coleoptiles. The different types of electrodes used by different 
groups of workers may be responsible for this and other discrepancies. If the 
geoelectric effect can be demonstrated in plant organs only when they are 
alive, we must conclude, that the structure of living protoplasm is necessary 
for its occurrence. Even in that case, however, the geoelectric effect may be 
a primary, purely physical phenomenon, just as osmosis is purely physical 
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even though the conditions for its occurrence are in most cases destroyed 
when the cell is killed. 

According to Lundegardh (1942 a, 1950) the maximum transversal potential 
difference (P.D.) between the lower and upper side of the tip of a horizontal 
pea root is attained within a few seconds after the root is placed in the 
horizontal position. According to Schrank (1945, 1947, 1951) the develop- 
ment of the maximum P.D. in the horizontal Avena coleoptile requires about 
10 min. At any rate the establishment of the maximum P.D. is not instanta- 
neous. It is obvious, therefore, that rotation of a root parallel to a horizontal 
axis at a certain velocity will prevent the development of a maximum P.D., 
while slower rotation will permit the P.D. to develop to a certain strength, 
eventually the maximum one. Under these circumstances an electric potential 
is moving around the root. If the P.D. influences the growth rate of the root, 
such an influence should decrease with increasing velocity of rotation. 

A root or coleoptile in the normal, vertical position shows no transversal 
P.D. The electrical charge of the surface of such organs, however, varies 
from tip to base. A pattern of longitudinal P.D.’s, therefore, exists on the 
surface of the organ. The details of this pattern are not completely known. 
There may be two or more identically charged zones, separated by zones 
which have higher or lower charges (Schrank, 1951; Lundegardh, 1942 b, 
1950). It is certain, however, that the magnitude of the longitudinal P.D.’s 
begins to change when the organ is moved from the vertical to the horizontal 
position. 

Without at this point discussing the view that ions or other electrically 
charged particles are the true statoliths of plants, it should be pointed out 
that the electrical pattern on the surface of a plant organ, rotating parallel 
to the horizontal klinostat axis, is different from the normal pattern, and 
that, in addition, a transversal P.D. is moving constantly around the organ. 
It seems entirely natural to expect that such changes would have an effect 
on the rate of growth of the organ. (Compare Lundegardh 1950, p. 571—573.) 


On the;Theory of the Klinostat Effect 


When rotating parallel to the horizontal klinostat axis at 0.25 to 2 min. 
per revolution several roots, as mentioned in the preceding section, developed 
irregular curvatures, which were visible after 3—5 hours of rotation and 
became more pronounced during subsequent hours (Fig. 10). These curva- 
tures are not geotropic. They take place either in the direction of rotation 
or opposite to it, always in the plane of the agar squares, not at an angle to 
that plane. They are evidently »incidental», caused by slight irregularities in 
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Figure 10. Shadowprints of Ar- 
temisia seedlings. Magnification 
1.2 x. Four slides to the left: 
Plants rotated for 19 hours pa- 
rallel to the horizontal axis of 
the synchronous klinostat at the 
velocities indicated. Slide to the 
right: Plants kept in the normal, 
vertical position for 19 hours. 
Note irregular curvatures in 
horizontal plants at 1 revolution 
per 0.25 and 2 min. 


VERTICAL 


the growth of the roots (nutations), and follow the interface between the 
two agar squares, where probably the resistance is lower than in other 
directions. 

At 14, 16, 28 and 52 min. per revolution the roots remained approximately 
straight, and at 64 and 128 min. per revolution a transitory development of 
geotropic curvatures was noted. 

The angle of deviation of the root tip from the direction of the basal part 
was determined in a small material of Artemisia seedlings, which had been 
rotating undisturbed on the klinostat for 48 hours. Only 11—14 plants were 
measured at each velocity of rotation, but the differences are striking. At 
0.25, 0.5, 2, 16 and 64 min. per revolution the average deviations were 41°, 
37°, 21°, 6° and 6°, respectively. The corresponding value for control roots 
rotating at 0.25 min. per revolution in the normal, vertical position was 1.4°. 

The development of irregular curvatures in roots rotating at comparatively 
high velocities parallel to the horizontal axis of the klinostat was reported 
previously by Talts (1932 a). In a material of 1236 roots of Lupinus albus, 
distributed over 8 series in which the time for one revolution was varied 
from 0.5 to 53 min., he recorded about 85 per cent curved roots after 
6 hours’ rotation at 0.5 and 1 min. per revolution. This percentage decreased 
with decreasing rate of rotation and was 15 at 53 min. per revolution. The 
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Figure 11. Shadowprints of Artemisia 
seedlings. Magnification 1.2 x. All plants 
were geotropically stimulated in the hori- 
zontal position. Duration of horizontal 
exposure indicated to the left. All plants 
were thereafter rotated for 19 hours paral- 
lel to the horizontal axis of the synchronous 
klinostat. Velocity of rotation indicated to 
the right. 


roots studied by Talts were growing in a moist chamber during the rotation. 
A closer examination showed that they curved in all possible directions, in 
contrast to the Artemisia roots, used in the present study, which remained 
between the two layers of agar. 

Irregular curvatures were also observed in embryos of Phoenix dactylifera 
when they were subjected to extended rotation at various velocities, parti- 
cularly at 1 revolution per 1.1 and 2.3 min. (Kaufhold, 1933). 

These observations seem to indicate that the influence of gravity on the 
direction of growth of roots, rotating parallel to the horizontal axis of the 
klinostat, decreases with increasing velocity of rotation. The following experi- 
ments were carried out as a further substantiation of this idea. 

Roots of Artemisia, growing in the usual manner between agar squares 
on slides, were placed in the horizontal position for 8 to 30 min. The slides 
were kept in the vertical plane during the horizontal exposure. The ensuing 
geotropic curvatures, therefore, would take place in the plane between the 
agar squares. Two sets of plants were given the same geotropic stimulus, 
after which they were rotated parallel to the horizontal klinostat axis, one 
set at 0.5 min. and the other set at 32 min. per revolution. After 19 or 20 
hours the slides were placed in a photographic enlarger, and enlarged shadow- 
prints made. Fig. 11 shows some typical results. Roots straighten out when 
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Figure 12. Shadowprints of Lepidium 
seedlings. Magnification 0.7 X. All 


ne | 


plants were geotropically stimulated in 


x w : the horizontal position for 30 min. 
<< “+ Plants were then rotated for 19 hours 
1 & — parallel to the horizontal axis of the 
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synchronous klinostat at the velocities 
indicated. Lower roots at 0.5 min. 
touched the wall of the plastic cover, 
which was removed before shadow- 
printing. Agar platelets larger than in 
experiments with Artemisia. 


rotated at 32 min. per revolution, but continue to curve in the geotropically 
induced direction when rotated at 0.5 min. per revolution. Such a contrast 
was also demonstrated between roots rotated at 2 min. and 16 min. respec- 
tively, per revolution. Roots of Lepidium showed the same behaviour 
(Fig. 12). 

Similar results were obtained by Talts (1932 a, b) with an extensive 
material of roots of Lupinus, studied at 8 different velocities of rotation. 


Talts’ results were confirmed by Elisabeth Reiss, using roots of Lupinus 
and Sinapis. Fast rotation increased the percentage of curved roots as com- 
pared both to slow rotation and to placing the plants in the normal position 
after geotropic stimulation. With hypocotyls of Sinapis, on the other hand, 
the percentage of curvatures was reduced by rotation as compared with 
placing the plants in the normal position. The reduced percentages of cur- 
vatures, however, approached the »normal» one, i.e. became higher, as the 
velocity of rotation increased. The behaviour of hypocotyls in these experi- 
ments does not necessarily indicate a principal difference between stems and 
roots with respect to their response to rotation at various velocities. Suffi- 
ciently slow rotation may reduce the percentage of curving roots below the 
»normal» one, as actually found by Talts (1932a, Fig. 2), and a higher 
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Figure 13. Explanation in text below. 


velocity of rotation than employed by Elisabeth Reiss may increase the 
percentage of curving hypocotyls above the »normal». 

The results reported by Talts and by Elisabeth Reiss, and those obtained 
in the present study, all indicate that the influence of gravity on the develop- 
ment of both »spontaneous» and induced curvatures decreases with increasing 
rate of rotation. These findings have considerable bearing on the general 
theory of the klinostat effect. For previous discussions of this subject see 
Fitting (1905), Rawitscher *(1932), Talts (1932 a, b) and Reiss (1934). 

On a theoretical basis we many distinguish the following links in the 
geotropic reaction chain: 1) Physical phase (susception). 2) Primary physio- 
logical phase (perception). 3) Secondary physiological phases. The main 
point in the discussion of the theories of the klinostat effect has been whether 
or not gravity is perceived by an orthotropic plant organ, rotating parallel 
to the horizontal klinostat axis. Obviously the velocity of rotation has to be 
considered in such discussions. 

The problem may be discussed under reference to Fig. 13, which represents 
the cross-section of a horizontal root. We consider an infinitesimally thin, 
median section of the root, represented in cross-section by the vertical arrow. 
The position of the section will be designated by numbers and letters, the 
first symbol indicating the position of the tail-end of the arrow. In the vertical 
position 1 A such a section will receive a geotropic stimulus, s, which will 
tend to induce a downward bending of the root. If the root is rotated so 
much that the section moves from position 1 A to 2 B and makes an oblique 
angle, a, with the horizontal plane, the stimulus acting on the particular 
section will be only s sin a. In position 3 C there will be no geotropic stimula- 
tion of the section, which, as we assume, is so thin that no transversal 
polarization can be established in it. As the section moves on from position 
3 C to A1, the geotropic stimulus will again increase, but will now tend to 
induce a curvature which would have the tail-end of the arrow on the 


concave side. 
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The geotropic stimulus acting on a given median section of the horizontal 
root in a given position will be proportional both to the sine of the angle 
which the section makes with the horizontal plane and to the time during 
which the position is held. If t is the time for one revolution (2 x), then 
Aa: t/2 x is the time required for the section to move through an angle Aa. 
If Aa is small, the stimulus acting on the section during this period is pro- 
portional to sin (a+Aa/2) : Aa: t/2 x. During one half revolution, as long as 
the tail-end of the arrow is in the upper half of its orbit (moving from posi- 
tion C 3 to 3 C), all geotropic stimuli acting on the section will have the same 
sign, and through the following one-half revolution they will have the 
opposite sign. If Aa is infinitesimally small the sum of the stimuli acting on 
the section, moving from position C3 to 3 C, is proportional to 


ae t 
| —— Sin add — 
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The same expression holds for a system of parallel, longitudinal sections. 
On a regularly rotating klinostat axis, therefore, any such system will be 
subjected to intermittent stimuli of the magnitude +gt/x and —gt/x at inter- 
vals of t/2. In other words, the root will be subjected to omnilateral stimula- 
tion by gt/x. 

If the horizontal root acts as an entity, i.e. if gravity is suscepted and 
perceived both in the upper and lower half of it and not just in one of these 
halves, it is unlikely that a summation of susceptions would take place under 
the conditions of uniform rotation since a physical polarization, created in 
one position of the root, will not be conserved, but actually reversed, in the 
opposite position (provided that its rate of disappearance is the same as its 
rate of formation). A summation of perceptions is not very likely either. 
Although the disappearance of physiological changes often require more 
time than their formation, the physiological polarizations will also be 
counteracted once per revolution. If we consider one of the later steps in 
the reaction chain, viz. the unequal auxin distribution, it is hard to see how 
this could be accumulated. For this particular step we know that the root 
acts as an entity. If geotropic stimulation increases the auxin content of the 
root, we might get an accumulation of auxin, but not an accumulation of 
polarization. A change in the auxin level of the root might, however, influence 
its geotropic reactivity. 

If, on the other hand, the sensitivity showed a radially symmetrical dis- 
tribution, every radial section of the rotating root would react as a unit and 
tend to induce a curvature. These impulses might accumulate, even under 
conditions of uniform rotation, because susception and perception would 
take place only in one half of the root, e.g. the lower, but not in the opposite 


INFLUENCE OF GRAVITY 763 


half. So a polarization created in a radial section would not be counteracted 
in the opposite position. If such a polarization has not faded away during 
the passage of the section through the upper half of its orbit, it would be 
intensified when the section again reaches the lower half. Thereby in- 
creasingly stronger tensions would be created in the root. 

We know from the work of Fitting (1905, pp. 293—299) and others that 
stimuli, much smaller than the ones encountered during one half revolution 
of the klinostat axis in the present study, can be accumulated when the 
stimuli are not (or at least not completely) counterbalanced by opposing 
stimuli in the intervals. We further know that when the periods of stimula- 
tion and non-stimulation are of equal length, the accumulated effective pre- 
sentation time — although shorter than the presentation time for non-inter- 
mittent stimulation — is independent of the duration of the individual 
stimulations, at least down to individual exposures of 10 sec. (roots of Lepi- 
dium; Giinther-Massias, 1929). If, therefore, the effect of rotation on the 
development of curvatures in plants depended on the accumulated effect of 
geotropic stimuli, one would expect no influence of the rate of rotation on 
the curvatures. The omnilateral stimulation would be proportional to the 
duration of the rotation and independent of its rate. On the contrary we 
found a decreasing influence of gravity on the development of both spon- 
taneous and induced curvatures, with decreasing duration of the individual 
stimuli. We are therefore justified in concluding that the effect of rotation 
on the direction of growth of the roots depends on the magnitude of the in- 
dividual stimuli, active during one half revolution, —- not on their sum, which 
is independent of rotation velocity. The omnilateral stimulation decreases 
with increasing rate of rotation. 

The lack of summation indicates that the geotropic sensitivity of the roots is not 
distributed according to a radially symmetric pattern. This consideration, further, 
points against the classical starch-statolith theory, which assumes that inner and 
outer tangential sides of the cells have different sensitivity to the pressure of the 
statoliths. The electrical statolith theory, which assumes a transversal, and not a 
radial, physical polarization, on the other hand, would be consistent with the above 
considerations. 


When the presentation time is p, a liminal stimulus is gp. According to 
the preceding considerations, therefore, a horizontally rotating root will be 
subjected to omnilateral stimulation of liminal magnitude when the time for 
one revolution is xp. The presentation time for roots of Artemisia was found 
to be about 11 min. (Fig. 6). This is, however, a rather arbitrary figure, 
found when the roots, after the horizontal exposure, were rotated in the 
horizontal position at a velocity of one revolution in 28 min. As shown by 
Talts (1932 a, b) and Elisabeth Reiss (1934), the presentation time becomes 
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considerably shorter with increasing velocity of rotation after the stimula- 
tion. How much the presentation time may be reduced by this means is 
unknown. We do not know the magnitude of a truly liminal stimulus. In a 
few preliminary experiments with roots of Artemisia the presentation time 
was found to be less than 2 min. if the plants were rotated at 0.5 min. per 
revolution after the geotropic stimulation. 

If we accept the value of 2 min. as a preliminary figure, we may estimate 
that when rotating at a velocity of one revolution in 6.3 min (=2n min.) 
every system of parallel, longitudinal sections of the root will be subjected 
to opposing, liminal stimuli at intervals of 3.14 min. At this velocity and at 
lower velocities gravity will certainly influence the direction of growth of the 
rotating root. The successive, opposing influences of gravity will actively 
aid in preventing the root from bending. Its direction of growth is steered 
by gravity. The growing root is forced to follow its original course in a 
manner which may be compared to the fashion in which the hub is held in 
position by the spokes of a wheel. As the velocity of rotation of the root 
decreases, the tension of each »spoke», i.e. the magnitude of each geotropic 
stimulus, increases, and the root is held firmer and firmer in its path. At very 
low velocities, however, the opposing influences are not physiologically 
simultaneous. Under these conditions the root will perform curvatures, which 
are geotropic. 

At velocities higher than one revolution in ap min. the individual stimuli 
are subliminal, and since they are not accumulated they will have no 
influence on the direction of the later growth of the root. In that case the 
spokes of the wheel, in the above simile, are loose or missing. Under such 
conditions the direction of growth of the root may be easily influenced by 
slight internal or external irregularities and thus depart from a straight 
line. Nutations will not be corrected by gravity as they are when the root 
is kept in the normal position or rotating at a low velocity. Consequently 
the root may perform curvatures, which are not geotropic. In the experiments 
at higher velocities, described above, the roots, although curving, remained 
between the two agar squares, probably because their direction of growth 
is so indeterminate that they simply grow where the resistance is the least. 

Unfortunately Talts (1932 b) did not determine the presentation time on 
the basis of the minimal response. In spite hereof, however, figures from his 
Table 9 or Fig. 3 may be used to check the quantitative relationship between 
unilateral and omnilateral stimuli, which we designate by As and s, respec- 
tively. We select 25° curvature as the lowest response observed at a suffi- 
cient number of different velocities of rotation. The omnilateral stimulus, s, 
is calculated from the formula on page 762. The results are collected in 
Table 7, which shows that the unilateral stimulus must be 2.6—3.9 times 
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Table 7. Magnitude of the ratio As/s between unilateral and omnilateral geotropic stimula- 

tion when a unilateral stimulus induces a curvature of 25° in 6 hours. After unilateral 

Stimulation, plants (Lupinus albus) were rotated parallel to the horizontal axis of the 

klinostat at various velocities. Computed from data by Talts (1932b, Table 9) and the 
formula on page 762. 

es ee 


Minutes (t) for 1 revolution | 5 | 10 | 15 | 30 
Omnilateral stimulus, s (= gt/t); g X min. A 1.6 | Be | 4.8 | 9.6 
UnlateraliStimulus "As gaXx-min. rm... 6.2 10.0 16.3 24.8 
NÉS OR con as See aan OAC ne ONE eee Mee ae | 3.9 3.1 3.4 | 2.6 


as great as the omnilateral one in order that a curvature of the chosen 
magnitude may be produced. Although the value of As/s is not constant, it 
still serves to demonstrate the general principle that omnilateral stimulation 
of increasing magnitude gradually reduces the effect of a unilateral stimulus, 
which, therefore, must be gradually increased if the same response as 
without omnilateral stimulation is desired. The situation is the same as in 
phototropism where general illumination reduces the response of a plant to 
unilateral illumination (»first positive» curvature; cf. also chemotaxis). 


Calculation of the ratio As/s for 50° and 75° curvature in Talts’ material 
shows that this ratio is nearly proportional to the magnitude of the curva- 
ture. For a minimal response, therefore, its value is probably considerably 
lower than 1. This means that a unilateral stimulus which is just a fraction 
of the omnilateral one would be capable of producing a minimal curvature. 


In this connection we may consider the finding by Reiss (1934) that rota- 
tion for 10—15 min. at various velocities before a horizontal exposure has 
the same influence on the percentage of curving roots and hypocotyls as 
rotation of the same duration and at the same velocities after the horizontal 
exposure. (All plants were finally rotated at one revolution per 5 min.) In 
the case of roots of Sinapis the experiments actually consisted in a combina- 


tion of (a) 5 min. of unilateral stimulation by one g with (b) 10 min. of omni- 


‚1.5 5 ; 
lateral stimulation the magnitude of which was ee gxXmin. The 


combined effect of the unilateral and omnilateral stimulation was observed 
, ‘ 5 ; 
after 20 min. of omnilateral stimulation bye gx min. The fact that the com- 


bined effect (percentage of curving roots) of all of these stimulations is 
independent of the order in which they follow seems to indicate that we 
are here actually dealing with an interaction of stimuli and their normal 
consequences; not necessarily with the creation of any new physiological 
condition by rotation parallel to the horizontal axis of the klinostat. (As is 


50 
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well known from other fields of stimulation physiology, however, the inter- 
action between two opposing stimuli or between unilateral and omnilateral 
stimulation is not determined simply by the difference between the quantities 
of stimulus involved but by more complicated relationships for which the 
Weber-Fechner principle may often furnish an approximative expression.) 
In view of the influence of rotation on the rate of elongation (Fig. 7), how- 
ever, a change in tonus (i.e. sensitivity or reactivity to a stimulus of a given 
magnitude) might be expected at lower velocities or after the rotation had 
lasted somewhat longer. — The influence of inversion, which has no effect 
before a horizontal exposure, requires a separate analysis, which, however, 
will not be attempted here. 

Similar considerations furnish a reasonable explanation of the otherwise 
puzzling findings by Riss (1914). This author exposed roots (Lupinus albus) 
or epicotyls (Vicia faba equina) omnilaterally to a centrifugal force of 0.6— 
64 g, acting perpendicularly to the axes of the organs. This effect was obtained 
by rotating the plants about their own axes while they were being centri- 
fuged. The author found that omnilateral, centrifugal stimulation had no 
effect whatsoever on the development of curvatures induced by unilateral, 
gravitational stimulation of various magnitudes — regardless of whether the 
horizontal exposure came before, during, or after the centrifugal stimulation. 
From the data given, it may be calculated that the motion of the plants 
relative to the direction of the centrifugal force corresponded to one revolu- 
tion in 1 sec. and 0.1 sec., respectively, when the centrifugal forces were 
0.6 g and 64 g. Application of the formula on page 762 shows that the 
magnitudes of the corresponding, individual stimuli are 0.0032 gX min. 
and 0.033 gXmin., respectively. The author’s assumption of a summation 
of the effect of the individual stimuli is unjustified because each individual 
stimulus has been exactly counteracted when the next stimulus begins to act. 
The results obtained by Marie-Marthe Riss may then be easily explained by 
the assumption that the omnilateral stimulations, in spite of the high intensity 
factor, are by far too small to have any geotropic or »tonic» effect. These 
results, on the other hand, do not exclude the existence of such effects under 
conditions of slower rotation of the plants about their own axes. 

An ideal method for the determination of the true geotropic presentation 
time would be to protect the plant from the influence of gravity before and 
after the stimulation, just as determination of the phototropic presentation 
time requires that plants are protected from light before and after the uni- 
lateral exposure. Since such a procedure is impracticable as far as gravity 
is concerned, we may be content with reducing, as far as possible, the 
influence of gravity on the reactions, just as several phototropic reactions 
may be safely studied under red light. 
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Evidently gravity will have the least effect on an orthotropic plant organ 
if the organ is rotated parallel to the horizontal klinostat axis at a compara- 
tively high velocity. Exactly at what velocity gravity loses its influence on 
the direction of growth cannot be said at present. The fact that the rate of 
cell elongation in Artemisia roots approaches normality when the time for 
one revolution is between 0.5 and 2 min. (Fig. 7, 1. hour) may be connected 
with a disappearance of a directional influence of gravity under these con- 
ditions. In experiments with Lupinus the percentage of geotropically reacting 
roots did not increase significantly when the time for one revolution was 
reduced from 1 to 0.5 min. (Talts 1932 a), whereas the average size of the 
curvatures actually decreased (Talts 1932 b). Unfortunately, however, the 
temperature was 4° C. lower at 0.5 min. than at 1 min. per revolution. Also 
for the occurrence, size and direction of certain sidewise curvatures studied 
by Talts (1935), 1 min. per revolution seemed to be a critical value. So it 
would not be surprising if the growth-directing effect of gravity were elimi- 
nated at a velocity of rotation of one revolution in about 1 min. At this 


velocity the magnitude of opposing stimuli is gxt min. or 0.32 gXmin. 
T 


We thus arrive at the result that the true presentation time for roots of 
Artemisia and Lupinus would be of the order of 0.32 min. at 1 g. 

If this value is approximately correct it does not necessarily mean that 
shorter exposures have no physiological consequences at all. In the experi- 
ments on summation of subliminal stimuli, mentioned above, we do not 
know whether it is the physical changes (susceptions) or the physiological 
excitations (perceptions), or both, which become accumulated. Only in the 
first-mentioned case were we justified in saying that there was no perception 
of gravity in roots rotating at velocities higher than one revolution in x X 
the shortest presentation time. (What is called Perzeptionszeit by Fitting 
is the extremely short and unknown duration of a (physical) susception 
just capable of initiating the (physiological) perception process — but not 
by far leading to a geotropic reaction.) 

It will now be possible to study geo-growth reactions according to the 
same principles as used in the study of light-growth reactions. The method 
will consist in exposing the plant to omnilateral stimulation by rotation at 
a low velocity and of short duration. After this omnilateral stimulation the 
plant must be rotated at a higher velocity (for roots probably at one revolu- 
tion in 0.5—1 min.) while measurements of elongation are made. With 
gravity, however, the omnilateral stimulation cannot be increased beyond 


about gXmin. because at rotation velocities lower than one revolution in 
ae 


about 15 min. the stimuli are probably not physiologically simultaneous. 
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The use of centrifugal forces, instead of slower horizontal rotation, to increase 
the omnilateral stimulation is possible in principle, but will meet with con- 
siderable technical difficulties. 


On the Concept of Autotropism 


The results of rotation of geotropically stimulated roots at different velo- 
cities demonstrate the necessity for a revision of the concept of autotropism 
and its significance for the straightening out of induced curvatures. For 
reviews of older literature on autotropism see Rawitscher (1932), Gradmann 
(1921) and Lundegardh (1918, 1950). The term autotropism is generally used 
to designate movements by which an induced curvature is again straightened 
out, or at least reduced, with the result that a permanent curvature (if any) 
is found, not at the tip, but in more proximal regions of the organ. The 
autotropic reactions are believed to be the response of the orthotropic plant 
organ to the status of being in a curved position, regardless of how the 
curvature was produced. In addition to these reactions Lundegardh (1918 
and 1950, p. 583) recognizes a second group of reactions which tend to 
straighten out a geotropically curved organ. These latter reactions, which 
may be called geotropic antireactions (geotropische Gegenreaktionen), are 
believed to be induced by the original geotropic stimulus itself and become 
evident mainly when higher quantities of stimuli are applied. 

Simon (1912), working with seedlings of Vicia faba, V. equina, and Zea 
Mays, found that the angle of curvature which developed in main roots of 
these plants when left in the horizontal position diminished again in the 
course of several hours. A maximum geotropic curvature was recorded after 
4—7 hours’ stimulation, but very few roots ever reached the vertical position. 
The quantities of stimulus applied, therefore, were very large, and the partial 
straightening, if not caused by moisture gradients in the moist chamber, 
will most likely have to be classified as a geotropic antireaction. 

Since the two kinds of straightening reactions are generally studied in 
plants rotating on a klinostat, it is evident, in view of the results of the 
rotation experiments reported in the present paper, that the velocity at which 
the rotation is done will have an overwhelming influence on the results. It 
now remains to discuss, in an unprejudiced fashion, the possible role of 
autotropic reactions in the rotation experiments with or without preceding, 
unilateral geotropic stimulation of the roots. 

In the geotropic experiments we observe an actual straightening of the 
roots when rotation is done at 32 and 16 min. per revolution. Although the 
curvatures were not measured they were well developed and clearly visible 
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at 1—2 hours after the beginning of the exposure. After 19—20 hours, 
however, the roots were straight (Figs. 11 and 12). 

When dealing with growth curvatures we may ascribe part of the 
straightening process to a partial depletion of some growth factor on the 
convex side of a curving organ (e.g. Went and Thimann 1937, p. 86). The 
resulting relative excess of such a factor on the concave side might make 
this side grow faster than the opposite one, after the original stimulation 
has faded away. Hereby the curvature would be reduced. This mechanism 
as such, however, is evidently of minor importance since it is entirely 
inefficient at higher velocities of rotation, even without preceding unilateral 
stimulation. 

Since the efficiency of the straightening reactions increases with de- 
creasing rate of rotation, i.e. with increasing omnilateral stimulation, we may 
seek an explanation of the reactions on this basis. We may consider two 
different possibilities. 

1.) If we apply the above depletion or exhaustion principle we have to 
take into account also the geotropic stimuli to which the geotropically curved 
root is exposed during its slow rotation. Opposite stimuli are physically of 
the same magnitude, but the ones, acting in such a direction that they would 
enlarge the curvature, will have the least physiological effect because of the 
partial exhaustion of some system, or depletion of some factor, necessary 
for further reaction. This factor may be a general growth factor or a specific 
factor for geotropic reaction. The exhaustion principle is well established 
in other fields of physiology (fatigue). The point stressed here is just that 
at slow rotation we actually expose the root to repeated stimuli and that the 
exhausted loci of the organ respond to these stimuli with a smaller reaction 
than other parts. In consequence hereof the organ will straigthen out. 

According to this view the reversal of curvatures which we observe in 
geotropically stimulated roots rotating at e.g. 32 min. per revolution is 
induced, not autotropic in the ordinary meaning of the term. Further, the 
external cause of the straightening is twofold: first the original stimulus, 
which causes the local exhaustion, and secondly the opposing stimuli, 
received during the rotation, which play the active part and reveal the 
asymmetric reactivity. The straightening after moderate, geotropic stimula- 
tion may be fundamentally of the same nature as Lundegardh’s geotropic 
antireactions. 

It was mentioned above (p. 754) that roots rotating at 64 and parti- 
cularly at 128 min. per revolution performed geotropic curvatures, which 
were visible during the first few hours of rotation but disappeared later. 
The fact that these roots straighten out instead of bending continuously in 
new directions, constantly following the motion of the klinostat axis, may 
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be explained by a general (omnilateral) exhaustion of the same kind as the 
one responsible for the straightening of unilaterally pre-stimulated roots. 

2.) The straightening of a curved, rotating root might be effected, or at 
least aided, by a different mechanism, not involving the exhaustion prin- 
ciple. Although opposing, gravitational impulses acting on the distal part of 
the curved root are physically of the same magnitude, their physiological 
consequences do not counterbalance each other. In several roots, e.g. of 
Lepidium, rotating at right angles to the horizontal axis of the klinostat, 
the geotropic effect of a stimulus which is followed by inversion of the root 
is greater than that produced by any other stimulus received during a com- 
plete revolution (Zimmermann, 1927; von Ubisch, 1928; Reiss, 1934). As a 
consequence hereof so-called rotation curvatures will develop. If the distal 
part of a curved root makes an oblique angle with the klinostat axis, the 
root tip will bend slightly toward the (extrapolated) axis of of the basal part, 
and the distal part will form a loose spiral, the tip pointing against the 
direction of rotation and moving in smaller and smaller circles. (This may 
be easily demonstrated with a piece of wire, representing the curved root, 
on which the above principle, that subsequent inversion increases the effect 
of the geotropic stimulus, is applied.) Such spirals were actually observed 
by Talts (1932 b, p. 606) in Lupinus, and by Kaufhold (1933) in grotesque 
extreme in Phoenix embryos. 

Whether this effect plays any role in the straightening of the Artemisia 
roots is difficult to say. Roots which happened not to be parallel to the klino- 
stat axis at the beginning of slow rotation generally grew on in their original 
direction. Since they had not been subjected to any unilateral geotropic 
stimulation after the 1 '/,—2-hr. adjustment period, the exhaustion principle 
does not apply, and for that matter their straight growth was to be expected. 
If rotation curvatures, as described in the preceding paragraph, were opera- 
tive, on the other hand, one would expect the root tip to approach a line 
parallel to the axis of the klinostat. The small size of the actual angle between 
the root and the klinostat axis may be the cause of the lack of such reactions. 
The same angle was inefficient in making the root vertical during the adjust- 
ment period. In view of the results of the inversion experiments (Fig. 6) it 
is still possible that roots or root tips at greater angles to the klinostat axis 
may perform rotation curvatures. The efficiency of this mechanism should 
increase with decreasing rate of rotation. According to results reported by 
Talts (1935), however, one might expect a rather complicated relationship 
between the rate of rotation and the direction and size of movements which 
are secondary to the originally induced curvature. 
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Summary 


1. Elongation and geotropic reactions were studied in young roots of 
Artemisia absinthium L., growing between two layers of agar. The agar 
eliminates the disturbing effect of water drops, which may otherwise accu- 
mulate on the roots. — A synchronous klinostat is briefly described. 

2. The elongation of roots from about 500 to about 5000 u at 22° C. fol- 


lows the equation V/— 160=2.04 t, in which / is the total length of the root 
in u, and ¢ the time in hours (Fig. 5). The rate of elongation in u/hr. 
increases by a value of about 8.3 per hour. 

3. The geotropic presentation time for roots of Artemisia can be shortened 
considerably by temporary inversion of the plants after the geotropic stimula- 
tion (Fig. 6). 

4. Seedlings of Artemisia were rotated parallel to the horizontal klinostat 
axis, the time for one revolution ranging from 0.25 to 128 min. The maximum 
centrifugal force was 4.5 X10—* g, which is negligible as compared to gravity. 
At all velocities the average growth rate of the roots was lower than that of 
roots rotating in the normal position, parallel to the vertical axis of the 
klinostat (Fig. 7). The effect observed during the first hour of rotation is 
taken as an expression of the influence of rotation directly on actively 
elongating cells. Later changes in rate of elongation may be an after-effect 
of previous rotation on embryonic growth, combined with a more recent 
effect on elongation itself. The least reduction of cell elongation was found 
between 0.5 and 2 min. per revolution and at 64 min. At 14—16 min. per 
revolution the rate of cell elongation in horizontally rotating roots was 23— 
27 per cent lower than that of controls; at 0.25 min. the reduction was 
34 per cent. 

5. Roots of seedlings which were inverted for 20 min. elongated 12—22 
per cent less than controls during the first hour after the beginning of the 
inversion (Figs. 8 and 9). 

6. The results summarized in points 4 and 5 are discussed and interpreted 
as indicating that gravity has little effect, if any, on the rate of cell elonga- 
tion in roots when acting in the normal direction, but has a retarding effect 
when acting in the opposite direction or at right angles to the axis of the root. 

7. Roots developed irregular, non-geotropic curvatures when rotating 
parallel to the horizontal axis of the klinostat at 0.25—2 min. per revolution 
but remained approximately straight at 16—64 min. per revolution (Fig. 10). 

8. If roots of Artemisia were stimulated geotropically and then rotated 
parallel to the horizontal axis of the klinostat at 0.5 or 2 min. per revolution, 
the resulting curvatures increased continuously for at least 19 hours, whereas 
at 16 and 32 min. per revolution roots straightened out again (Fig. 11). Roots 
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of Lepidium seedlings, tested at 0.5 and 32 min. per revolution, behaved like 
roots of Artemisia (Fig. 12). These results are in agreement with observa- 
tions by Talts (1932 a, b) and Reiss (1934). 

9. Since the effect of rotation on the development of spontaneous and 
induced curvatures depends on the velocity of the rotation, it is concluded 
that the magnitude of this effect is determined by the magnitude of the 
individual geotropic stimuli, active during one half revolution, and not by 
their sum, which is independent of rotation velocity. The individual stimuli 
are + gtx, where t is the time for one revolution (p. 762). The omnilateral 
stimulation, therefore, decreases with increasing velocity of rotation. 

On the basis of the observed influence of rotation velocity on the rate of 
cell elongation and particularly on the development of curvatures the fol- 
lowing hypotheses are advanced: 

(a) Gravity does not influence the direction of growth in roots rotating 
parallel to the horizontal axis of the klinostat at a certain velocity, probably 
when the time for one revolution is between 0.5 and 2 min. Under such 
conditions the rate of cell elongation is approximately the same as in the 
normal, vertical position of the root, and spontaneous curvatures (nutations) 
are not corrected by gravity. At decreasing velocities the rate of cell elonga- 
tion decreases and the direction of growth is actively controlled by the in- 
creasing, omnilateral geotropic stimuli When these become sufficiently 
strong and well separated in time (at one revolution >64 min.), the final 
stages of preparation for the performance of geotropic curvatures are com- 
pleted within a half revolution. This condition is attended by an approxi- 
mately normal rate of cell elongation. 

(b) The straightening of geotropically curved roots, which takes place on 
the klinostat only at lower velocities, is not autotropic in the ordinary 
meaning of this term, but induced by the omnilateral geotropic stimuli. 
Two possible explanations are considered: 1.) The effect of these stimuli is 
smaller in the direction of the original curvature than in other directions 
because of local, partial exhaustion of some system necessary for geotropic 
reactivity. Such exhaustion alone does not lead to a straightening of the root 
if the omnilateral stimuli are small, as is the case at higher velocities of 
rotation. 2.) When the proximal part of a curved root is rotating parallel to 
the horizontal axis of the klinostat, the distal part of the root will alter- 
natingly approach the normal and the inverted position. A geotropic stimulus 
which is followed by inversion will have a greater effect than other stimuli. 
At low rates of rotation, therefore, the root tip would follow the course of a 
loose spiral approaching the (extrapolated) axis of the basal part. 
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Introduction 


During the last twenty years a number of studies on sulphur and its in- 
fluence on the metabolism of plants have appeared; the results have been 
summed up, for instance, by Wood (42) and by Ergle and Eaton (15). In 
investigations chiefly on the damage done to plants by sulphur dioxide in air, 
Thomas and co-workers (34—40) were also led to consider metabolic 
problems, thereby taking advantage of the possibilities offered by the radio- 
active isotope S*°. By combining the tracer technique with paper chromato- 
graphy, Steward and co-workers (33) gave an account of the S-containing 
amino-acids of alfalfa. — A general review of sulphur as a plant nutrient has 
further been given by Gilbert (16). 

In view of the above-mentioned investigations it seemed pertinent to make 
use of the analytical and fractionating advantages offered by S*° for a closer 
study of the problems concerned in sulphur uptake and metabolism. The 
scope of this paper is to present the basic techniques and preliminary results 
from experiments on these questions. The investigations were carried out 
on wheat seedlings, grown in nutrient solutions under controlled conditions; 
in order to minimize the initial reserve of sulphur they were deseeded at 
the time of planting. The isotope studies were combined with paper chro- 
matography and determinations of the Kjeldahl nitrogen of different frac- 
tions of the plant material. — Sulphur-deficient, mature wheat plants were 
analysed in one of the papers cited above (39). 
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Material and Methods 


1) Plant material and culture methods 


Wheat seeds of the Weibull’s Eroica variety. were treated overnight with a 0.5 per 
cent solution of hydroxylamine hydrochloride. After washing several times with 
water, they were sown on moist filter paper in Petri dishes and grown in a dark 
room for two days at 25° C and one day at 20° C. After three days the plants were 
deseeded and placed on paraffined cork holders in Pyrex beakers, each containing 
500 ml of nutrient solution and accommodating four holders with a total of 56 
plants. The beakers were placed at a temperature of 25°+1° and illuminated from 
4 am. to 8 p.m. by incandescent bulbs, giving the cultures a light intensity of 
approximately 5000 lux. The heat of the bulbs was absorbed by a layer of streaming 
water. 

The nutrient solutions were prepared from doubly distilled water and analytical 
grade salts and consisted of Ca(NO,), — 1/500, KH,PO, — 1/500, MgSO, — 1/2000, 
Fe-citrate — 10—*, MnSO, — 10-7 and H,BO, — 10—7 M. A stream of air was 
bubbled through them after having passed a filter of cotton wool. Water losses 
were made up for every day, and the nutrients were totally renewed three and 
seven days after the deseeding procedure. The pH of the fresh solutions was about 
5 and gradually increased to a value of approximately 6.8. Unless otherwise stated 
the plants were used for the experiments and harvested ten days after the planting. 
At this stage the first leaf had normally attained a length of 14—16 cm, the second 
having emerged 2—5 cm; the roots measured 8—9 cm. The deseeded plants were 
thus much smaller than ordinary ones grown for the same period. 


2) Analytical methods 


Fractionation: At the harvest the plants were divided into roots and shoots, and 
with some modifications fractionated according to the press-sap method given by 
Steward and coworkers (33). The procedure is schematically presented below; it 
was preceded by treatment with chloroform vapour for a few minutes in order to 
cytolyse the plant parts. 

I. The sap was expressed at about 1200 kg/cm?. The pressed residue was soaked 
with a small amount of 0.001 M magnesium sulphate and treated again. This proce- 
dure was repeated three times, and all the liquid expressed was made 80 per cent 
with regard to ethanol. After standing for a few hours, the precipitate was filtered 
off and washed with water. The combined filtrates constitute fraction I, which 
among other substances contains the amino acids and inorganic salts of the plant 
tissues. 

II. The precipitate from the press sap constitutes fraction II. This should cor- 
respond fairly well to Chibnall’s »vacuolar protein» (9, pp. 127 and 136; cf. 33). 

IH. The pressed residue constitutes fraction III, which includes the main part 
of. the proteins (9, cf. 33). 

Before the precipitation of fraction II the press sap was divided into a suitable 
number of aliquots. After filtering fraction I was evaporated to dryness in vacuo 
at 40° C; fraction III was ground over a 20-mesh net in a Wiley mill. 

The Kjeldahl nitrogen of all fractions was determined according to the micro- 
method of Parnas-Wagner (17) with K,SO, : CuSO,, 5 H,0 : HgCl, 80 : 20: 3,2 as 
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catalyst. — The values given in the tables represent the mean of duplicate samples; 
the individual results usually diverged less than 2 per cent except for fraction II, 
where low nitrogen contents made the analyses somewhat more uncertain. 

Paper chromatography: The amino acids were qualitatively determined by paper 
chromatography, using phenol-water and pyridine-amyl alcohol-water as solvents 
according to Ägren and Nilsson (1). As for phenylalanine and the leucines, the one- 
dimensional method of Work (44) proved to be the most satisfactory. 

Before preparing the chromatograms, inorganic salts were removed in an electric 
desalting apparatus of the de Verdier and Ägren (13) type. The dried residue of 
fraction I was dissolved in water and directly desalted, if necessary with an addition 
of 1 ml 0.1 M magnesium sulphate as carrier of radioactive sulphate. Fractions II 
and III were first hydrolysed with 6 N HCl on a boiling water bath for 24 hours 
and then evaporated to dryness, after which the water-soluble residue was freed 
from chloride remains in the desalter. — The desalted samples were filtered, 
evaporated to dryness in vacuo at 40° C and the residue dissolved in 100 ul of water; 
the appropriate amounts to apply to the chromatograms were calculated from the 
nitrogen analyses. In order to obtain well defined spots from the sulphur containing 
amino acids, the papers were further treated by molybdate and three portions of 
hydrogen peroxide (33). 

After running the chromatograms, the spots were developed by spraying with 
0.2 per cent ninhydrin in butanol saturated with water and containing 1 per cent 
acetic acid, drying one day at room temperature, and finally placing the papers for 
five minutes at 105° C. In some cases special reagents have been used (Dent, 12, 
Agren and Nilsson, 1, Crumpler and Dent, 11). 

Sulphur analysis: Sulphur was analysed as sulphate, when necessary after burning 
according to the wet oxidation method of Salvesen and Hogan (29; it is of some 
importance to use especially long-necked Kjeldahl flasks during this process). 
Precipitation as barium sulphate was performed according to conventional methods, 
and for the final determination either weighing or the counting procedure to be 
described below was used. 

For measurements of radioactivity a Panax m/44 scaler was used in combination 
with thin mica-window G.-M.-tubes (General Electrics EHM 2 or 20th Century 
Electronic’s EW4H or EW3H); the background count was reduced by protecting 
the tube in a lead castle with a wall thickness of 5 cm. The radioactive barium 
sulphate precipitates were filtered and mounted according to a principle given by 
Henriques and co-workers [(20); cf. Melchior and Tarver (24)] with a diameter 
of 2 cm. S% was obtained carrier-free as sulphate from A.E.R.E., Harwell, and 
added in suitable amounts to the nutrient solutions. It should be observed, that the 
quantitative sulphur analyses based on radioactivity only include the amounts taken 
up from these solutions and do not directly refer to total sulphur. 

Since the sulphur content of plants is very low, the counting method for quanti- 
tative analysis of this element was based on the addition of controlled amounts of 
inactive sulphate during the fractionating and analytical procedure so as to obtain 
a suitable amount of precipitate. These carrier additions were made from a standard 
solution of 0.1000 M magnesium sulphate — also used to prepare the nutrient solutions 
— the concentration of which had been controlled gravimetrically. The final amount 
of carrier in a precipitate was 500 umol, in comparison with which the amount 
of sulphur actually derived from the plant — less than 0.5 umol — was negligible 
from the point of view of sample thickness. All samples were thus directly com- 
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parable, and by using the original nutrient solution to make a standard, in which 
the amount of tagged sulphate was exactly known, the radiosulphur contents were 
easily calculated. Furthermore, since the counting was made on samples well above 
infinite thickness, in some cases where the amount of carrier was slightly different, 
it was possible to make use of a simple inverse proportionality factor to calculate 
the number of counts, which should have been registered at 500 umol of sulphate. 

A further discussion of the possible sources of error involved in the tracer tech- 
nique as adapted here will be given below. It should be mentioned here, however, 
that duplicate samples did not diverge more than must be expected from the 
statistical uncertainty inherent in the use of radioactive isotopes (cf. Kamen (22), 
pp. 86—89). During the present investigation the samples were always counted to 
a standard deviation of < 2 per cent; usually it was < 1 per cent, that is the analyti- 
cal accuracy is comparable with gravimetric determinations using 10 mg precipitates 
and weighing to 0.1 mg. 

A few additional remarks must be made on the sulphur determinations. Total and 
inorganic (sulphate) sulphur of fraction I were directly determined; the difference 
between these two values gave soluble organic sulphur. As for the sulphate analyses, 
the simplest method is to add carrier to a suitable aliquot and precipitate in the 
usual way, washing on the filter with hot 1 N hydrochloric acid in order to remove 
activity adsorbed as amino acids and the like (cf. Wood and Barrien, 43). Some- 
times it was, however, of advantage to use another method, combining sulphate 
determination with the desalting procedure necessary before chromatography. In 
this case 1.00 ml of the standard sulphate was added to the sample to be treated. 
The anode chamber of the apparatus was filled with 100 ml 0.1 N sulphuric acid; 
after desalting it was emptied and its contents, combined with some portions of 
washing water, were made up to 200 ml in a volumetric flask. Twenty ml of this 
solution, containing about 500 umol of sulphate ion, were precipitated and counted 
in the usual manner; since the exact concentration of the acid had previously been 
determined by titration, the number of impulses registered could easily be corrected 
so as to correspond to exactly 500 umol of barium sulphate (cf. above). A number 
of experiments, where known amounts of S% were added to preparations from 
inactive plant material, gave a general correction factor of 1.05. — Within the 
statistical limits (cf. the preceding paragraph) the two methods for sulphate analysis 
gave corresponding results when applied to different samples of the same material. 

Radioautographs were prepared by putting plants or paper chromatograms in 
contact with Gevaert Structurix X-ray film. The exposures were made at a constant 
temperature of 2° C; development and fixing were performed according to the 
instructions given by the film manufacturer. In order to make certain, that the 
images obtained were really due to radioactivity, control tests were made by inserting 
a sheet of cellophane or by using non-radioactive objects of the same kind as those 
investigated. — As for this part of the work, general reference must be made to. 
the text-book of Yagoda (45). 


3) Sources of variability and error 


Biological variability: As mentioned above the plants were grown without endo- 
sperm; thus the initial amount of non-radioactive sulphur reserves was kept as 
small as possible. On the other hand this treatment made the variation between 
different plants slightly greater, the maximum deviation from the mean of different 
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batches of 14 plants from the same experiment being about 10 per cent. The varia- 
tion between different series was of the same order of magnitude, but since the 
general trend of the results remained unaltered, they are not invalidated by this. — 
The roots were more affected by the deseeding than the shoots; this fact will be 
further considered in the general discussion. 


As for possible radiation damages, no visual symptoms could be observed. In 
experiments lasting for several days the activity of the solutions seldom had to 
exceed 100 uC/l; with S? activities of this order of magnitude, Virgin and Ehren- 
berg (41) could find no change in the plasma viscosity of Helodea cells. With experi- 
mental times shorter than one hour, up to 10 mC/l had to be used; in the investiga- 
tion cited such activities gave a barely noticeable response of the plasma. — In a 
critical experiment on the influence of P®* on the meristematic activity of barley, 
Mackie and co-workers (23) found no histologic response to 5 uC/mg P; in the 
present case 100 uC/l S* corresponds to 6.25 uC/mg S. — It should be noted that 
in experiments with radioactive ions a considerable accumulation of activity may 
take place inside the plants; in the present case the activity/volume unit of the 
plants after ten days of uptake is about five times that of the solutions (computed 
from table 2). 


Fractionation process: When using the fractionation method adopted here, some 
time will necessarily elapse between the start of the harvest and the point, where all 
enzymatic reactions have stopped. Changes in the proportions of the different frac- 
tions might thus conceivably arise during this time. In order to elucidate this 
question, wheat plants were extracted by grinding with 80 per cent ethanol in a 
Waring blendor. After centrifuging and washing, determinations of soluble and 
insoluble Kjeldahl nitrogen were made, and the values thus obtained compared with 
those from another plant portion treated in the ordinary manner. No significant 
differences could be observed, even though a cytolysing time as long as two hours 
was used in the latter case; thus the method used here does not involve any observ- 
able changes in the amino acid/protein relation. 


Analytical errors have to some extent been already discussed in connection with 
the description of the technical procedures. From a general point of view it will 
only be pointed out that the methods have been chosen so as to make the analytical 
uncertainty negligible in comparison with the biological variability. The use of 
radioactive isotopes involves, however, many possible sources of error, some of 
which must be further discussed here. For a full review of these problems, the 
reader is referred to some standard textbook, for example, Kamen (22). 


In order to eliminate errors due to the performance of the counting equipment, 
it was controlled every day by means of a uranium standard. Possible short-time 
fluctuations as well as radioactive decay were made up for by counting all samples 
twice, using the order a, b, ---n, a, n, ---b, a, where a always denoted the special 
sulphate standard of the experiment in question (cf. page 778). The activity of each 
sample was furthermore kept low enough to make corrections due to the resolving 
time of the G.-M.-tube unnecessary. (In the present investigation 0.03 uC S? gave 
about 1000 registered impulses per minute.) 

When using isotope methods for purposes of quantitative analysis, special atten- 
tion must be paid to errors due to contamination and adsorption. No attempts have 
been made to evaluate quantitative corrections of these factors, but experiments 
were designed to give a general estimation of their influence. The following results 
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concerning the two main steps where errors of this kind may exert their influence, 
prove them to be of no major importance for the interpretation of the results. 


The first step where contamination and adsorption may be involved is the harvest 
itself. Ions and thus also radioactivity are superficially adsorbed on the root surface, 
and especially if the activity of the nutrient solution is high as compared with the 
amount actually taken up, a large error may result when the sulphur fractions of 
the roots are determined. In order to avoid this, the roots were rapidly washed 
in three rounds of inactive nutrient solution upon harvesting and excess water wiped 
off on a sheet of filter paper; during this procedure an exchange should take place 
between the inactive sulphate of the washing solution and such radioactivity as has 
been superficially adsorbed but not actually incorporated in the roots. (The incor- 
poration of ions in the cell sap is then regarded as an active, metabolically influenced 
process, where rapid physical exchange between isotopes of the same element does 
not take place. The role of the ions held in the »apparent free space» is more 
difficult to decide in this connection — cf. Butler (7) and the general discussion). 
— Determinations of the activity in the last round of washing solution proved it to 
be about 10 per cent of the total isotope sulphur of the roots. This is decidedly 
more than would be expected if only the sulphate adsorbed on the root surface were 
exchanged, but most likely this excess is due to ions adsorbed on the cork holders 
and cotton wads used to keep the plants in position (cf. next paragraph). It thus 
seems that the washing procedure is adequate for preventing errors due to con- 
tamination at this stage, without inducing any leakage losses of importance. — The 
experiments accounted for in figures 1—2 are also relevant as regards the matter 
at issue. 


In this connection the figures presented in table 1 may be of some interest. 
The sulphate losses of the nutrient solutions were determined by analysing 
the total content before and after each culture period; at the.end of the 
experiment total sulphur uptake of the plants themselves was also determined 
(cf. table 2). Even though the standard deviation of the values for the losses 
is high (about 15 per cent) due to the fact that the figures are obtained as a 
difference, there is no doubt that they are far higher than accounted for by 
the sulphate uptake of the plants. This discrepancy is presumably due to 
adsorption on cork holders and glassware (cf. Carroll and co-workers, 8). 
Compared with the total amount of sulphate present in the solutions the 
error is not large, but in comparison with the amount actually taken up it 
is of such importance that all analyses are of necessity restricted to the plant 
material itself. It should be pointed out that adsorption losses of this kind 
are phenomena of general occurrence, no matter whether an isotope technique 
is used or not; their quantitative significance must be decided from case 
to case. 


The other step, which might involve adsorption or contamination errors, lies in 
the fractionating procedure. As mentioned above, the pressed residue was washed 
with 0.001 M magnesium sulphate, which should tend to diminish these errors, 
in any case as far as sulphate ions are concerned. It was also directly shown, that 
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Table 1. Comparison of the sulphate losses of the nutrient solutions and total uptake of 


the plants. — All values determined by the isotope method and expressed as umol. Nutrient 
solution (500 ml) totally renewed at the beginning of each culture period; sulphate content 
500 umol/l. 
a 
Culture period Loss from nutrients Uptake by plants 
Lett RE 15 = 
TEN ene ee eee 19 == 
Ursa) ORLA Vereen aan cee esc eo ad 23 — 
Total O4 34,6 


discrepancies originating here were small enough to be of no importance, since only 
very minute quantities (2—3 per cent of fraction III) of radioactivity could be 
obtained by extensive extra washing after the ordinary treatment. 

The fact that isotopes of the same element have different atomic weights may 
lead to different metabolic rates. Errors due to this phenomenon are, however, 
generally considered to be negligible when the atomic weights exceed 30; parallel 
determinations of sulphur uptake by gravimetric and tracer methods gave no reason 
for doubt in the present case (cf. table 2). 


Experiments 


1) Composition of plant material * 


In order to get a general picture of the plant material some experiments 
were made with parallel gravimetric and G.-M. analyses of total sulphur. 
The seedlings were grown in the usual manner; at the harvest, which took 
place after ten days in the nutrient solutions, the plants were divided into 
roots and shoots and analysed without any further fractionation. A typical 
set of values is given in table 2. 

Determinations of this kind show that the shoots of 3-day seedlings contain 
about 0.032 per cent sulphur and the roots 0.025 per cent as referred to the 
fresh weight. After ten days the relative sulphur content of the shoots is 
still of the same order of magnitude, whereas in the roots it is only about 
0.013 per cent, the absolute amount of sulphur in the latter being almost 
the same at the end of the experiment as at the beginning, while the shoots 
show an increase of about four times in this respect. From a comparison 
with the G.-M. data — which of course do not include the inactive fraction 
initially present in the seedlings — it is none the less obvious that more than 
half of the original root sulphur is transported to the shoots and replaced 
from the external nutrients. In this way a general isotope equilibrium also 
seems to have been established throughout the plants, about 60 per cent of 
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Table 2. Comparison of results obtained by gravimetric and G.-M. determinations of 
sulphur. — For the gravimetric analyses enough material was used to give a precipitate 
of about 10 mg in each case. The G.-M. values refer only to the uptake. 


Age of plants and method of | Fresh weight (g/56 plants) | Total S (umol/36 plants) 


Sere mauon Roots | Shoots Total Roots | Shoots | Total 
Time of planting. Gravimetric ... 0.98 3.19 2.17 7.4 12.0 19.4 
10 d. on nutr. sol. Gravimetric 1.78 4.45 6.23 7.3 48.0 53.3 
Uptake. Gravimetric data ......... == ss == — 0.1 36.0 35.9 
10 d. on nutr. sol. s% data ...... 1.79 4.74 6.53 4.2 30.4 34.6 
0/0 radioactive sulphur after 10 
DANS re et meet — — == 58 63 63 


the sulphur originating from the solutions and 40 per cent from the initial 
supply in both roots and shoots. 

In order to obtain a more detailed picture of the quantitative distribution 
of sulphur and nitrogen further experiments were made; the result of one 
of these is shown in table 3 (cf. table 6). It is evident that fraction II includes 
only a minor part of the sulphur and nitrogen of the plant; it should, how- 
ever, be noted that in the shoots the sulphur contents of fraction II show 
a very high degree of variation (0.1—1 pmol S/56), possibly due to frac- 
tionating difficulties. — An attempt to establish the occurrence of ethereal 
sulphates (Mothes, 26, cf. Wood and Barrien, 43) gave no positive result. 

Table 4 gives information as to the qualitative amino acid composition of 
the different fractions. The sulphur-containing substances were also studied 
by preparing radioautographs from suitable chromatograms. Spots cor- 
responding to methionine derivatives and cyst(e)ine were given by all frac- 
tions as stated in the table; the intensity of the film images showed that, 


Table 3. Sulphur and nitrogen contents of different fractions. — Plants grown for ten 

days on nutrient solutions containing radioactive sulphate. S determinations by G.-M. 

method. All values expressed as umol/56 plants. Fresh weight of 56 plants at harvest: 

roots 2.17 g, shoots 5.17 g. — The »total» values are rounded off so as to give the same 
significance as the experimental figures. 


Kjeldahl nit | i | 

ro ee _…1Kjeldahl ni rogen Sulphur incorporated | 
Roots Shoots | Total Roots Shoots | Total 

JSBSULDILATEN. ee eee 2.04 16.2 18. | 

LOL GANIC MM MUR 0.58 d:1 | 

ALLE Me 2 103 384 490 2.62 17.3 1 | 


1 


MT NN Sen. 166 905 1070 1.32 6.9 


8 
1 
9 
RER N RL 10 16 26 0.06 0.11 0 
8 
8 


| Total 279 1310 1590 4.0 | 24.3 2 
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Table 4. Amino acids found in different fractions. 


TE 


Name of acid Occurs in fraction Name of acid Occurs in fraction 
TT SAR LE, RS ER a ee 

@-alanine: u... TI ls 1681 isoleucme ren PAS) 
&-amino butyric acid Vey SUA) T? FONG CAs en eet rude RIES 
APTE RS ee er Bolle Sul VSI etme ee ee IB VG Iya 
ASParagine cence «see I methionine and deriva- 
aspartic vacidy ce EAIT Vall LIVES) eee rte LE SOR: Letts ThE | 
CYSH(GNINE, A... Eel ut phenylalanine ............ ISA LIT | 
y-amino butyric acid I Proline... eee IT, III 
glutamic acid ......... alia ol DT Serine D ct ere 1G JR 
Stammes ent I threonine er en Ny 300 
VOIRE dec sank IE, AIT ERY ptoplaneseaees. ere 11? 
HIS Cine nen III EVROSINE Mere ee I, IT, Il 


No qualitative differences were observed between roots and shoots. The spots were 
identified one by one through parallel runs with the pure substances added to the prepara- 
tions. — The following remarks should be made to the statements of the table: 

a-amino butyric acid: the spot due to this substance coincided with the one of methio- 
nine sulphone. Due to the relatively big amount of methionine derivatives in fractions II 
and III it was impossible to state with any certainty whether a-amino butyric acid 
occurred here; 

cyst(e)ine: cysteine and cystine were both transformed to cysteic acid by oxidation with 
molybdate-H303; 

histidine: occurs in too small quantities to be detected by the ninhydrin method. It was, 
however, demonstrated by means of the Pauly diazo reagent in a preparation of fraction III 
from shoots; 

methionine, methionine sulphoxide and methionine sulphone are comprised under the 
common heading methionine and derivatives (cf. Steward et al., 33), since methionine is 
so easily converted into one of the other compounds that it is difficult to determine the 
original proportions between them; 

tryptophane: the spot attributed to this substance could not be distinguished from the 
one given by the pure amino acid. Also, a yellow spot was regularly found on chromato- 
grams of fraction III, which spot probably corresponded to number 3 on the map of 
Steward and Thompson (32), supposed by them to be associated with tryptophane decom- 
position. On the other hand, an attempt to apply the dimethylaminobenzaldehyde reac- 
tion (1) gave no positive result. — Tryptophane was found by Moyer and Whitehead (27) 
in the soluble fraction of wheat; 

an unidentified spot often occurs in all fractions in connection with arginine and lysine. 
It is not clear whether this is due to a double-spot from lysine (cf. Aronoff, 2) or to some 
other basic amino acid, for instance ornithine or hydroxylysine; 

as for glutathione and non-ninhydrin reacting, S-containing substances, see text. 


whereas the protein fractions contained more methionine, the spot due to 
cysteic acid was more conspicuous in radioautographs from fraction I. — 
Images, which might correspond to glutathione and non-ninhydrin reacting 
substances, were obtained chiefly in accordance with the maps given for 
alfalfa by Steward and co-workers (33). In the case of the present investiga- 
tion some doubt remains, however, as to whether these pictures are due to 
originally occurring substances or to artefacts during the preparative work 
(cf. Chibnall, 9, Bolton et al., 5, Singleton et al., 30). Further experiments to 
elucidate this point are in progress. 
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Table 5. Influence of pH on sulphate uptake. — The plants were grown without radio- 

activity for ten days and then transferred to the experimental solutions, which contained 

500 uC/1 S35. pH was regulated by a 1/500 M phosphate buffer; in all other respects 

standard conditions prevailed. — All values represent the mean of analyses on three 
different sets of plants: Experimental time: one hour. 


| De ns ere di. viene 5.0 6.2 | ie: 


) Fresh weichti(g/14plants) "te aos | 1.50 12541 | 1.56 
; Sulphate uptake (mol/hour and 14 plants) ... | 0.043 0.048 0.039 


2) Sulphate uptake and incorporation 


The use of S?® makes it possible to follow the uptake and incorporation 
of sulphate during very short times. Since the pH of the solutions varied 
during the growth of the plants (page 776), a preliminary test was performed 
to determine the influence of this factor. Table 5 shows, that it seems to be 
of no significance over short periods. 

Some experiments were now made on the course of the sulphur uptake 
and incorporation by different plant parts during the first hour after transfer 
to a fresh nutrient solution of standard composition (figs. 1—2; table 6). 
The plants had been reared for ten days in the usual manner without any 
radioactivity added; the experimental solutions contained 10 mC/l S*°. 

From figure 1 it is evident that there is a rapid initial uptake into the 
roots during the first minutes, followed by a successive slowing down, 
whereas the transport to the shoots takes place in a much more regular 
manner. The curve for the whole plants has an intermediate appearance, 
following the uptake of the roots at first, but later on being dominated by 
the shoots. — A closer inspection of the quantitatively most important frac- 
tions (fig. 2) further reveals, that the sulphur taken up at the start can be 
traced to the sulphate of the roots, the incorporation into the root proteins 
progressing in about the same manner as that into the shoot fractions. — 
A statistical treatment of these results showed the differences to be significant 
at the 0.01 level. 

Table 6 gives a comparison between the mean amounts of radiosulphur 
found in different fractions of plants of the same age after an hour and after 
ten days of S®*° uptake. Although the sulphur metabolism seems to be rapid, 
it is evident that the isotope is not immediately incorporated into the organic 
fractions in the| same proportions as are found after an experimental time 
of ten days. Further experimentation should make it possible to deduce the 
metabolic rates from data of this kind. 

Chromatograms and radioautographs were also prepared from samples 
representing the different times of uptake of radiosulphate. Already after 
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10 20 30 40 50 60 MIN ‘10 20 30 40 50 60 


Figure 1. Time course of sulphur uptake. — Pretreatment of plants as described in table 5. 
Experimental solution containing 10 mC/l S®; pH 5.0. Absolute amount of uptake about 
0.13 umol/56 plants and hour. — Ordinate: °/ of total S uptake during 60 minutes. 
Figure 2. Same experiments as in fig. 1. Incorporation of S% in different fractions. — 
Ordinate: °/o of the sulphur incorporated in each fraction during 60 minutes. 


Table 6. Mean distribution of S% between different fractions. — All values expressed as °/o 

of total radiosulphur contents of roots and shoots respectively. Plants grown for ten days 

under standard conditions. The values for fraction If of the shoots are put in brackets 
due to the variability of this component. 


Time of S% uptake | Part of plant I sulphate I organic II | III 
SD min Roots 85.0 3.5 | 0.65 10.8 
re Shoots 73.8 4.6 (5.5) 16.1 
10 d Roots 47.5 13.2 2.0 37.4 
RN: | Shoots 65.5 4.1 (2.4) 28 0 


eleven minutes methionine and its derivatives as well as cyst(e)ine produced 
images on the X-ray film in all fractions, a fact which further illustrates 
the speed of the sulphur metabolism. As far as the present investigation 
goes, no difference in sulphur incorporation could be detected between the 


substances in question. 


3) Effects of sulphur deficiency 


It should be emphasized, that the use of S®° makes it possible to follow 
the metabolic fate of the sulphur taken up during a certain period of the 
history of the plant, no matter what the subsequent treatment with inactive 
nutrients may be. This fact was made use of in the following experiment, 
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Table 7. Fresh weight and Kjeldahl nitrogen of plants grown for three days on complete 

nutrient solution and then divided in +S and —S series. — Fresh weight in g/56 plants; 

Kjeldahl nitrogen in umol/56 plants. The »total» values are rounded off so as to give the 
same significance as the experimental figures. 


Days on nutrient solution 0 3 14 24 
Treatment — | 42S.) 3s. Sa 
Fresh weight | 0.90 | 1.20 | 2.61 | 2.71 7.40 | 8.70 
I 75 86 126 122 275 700 
Roots Il 6 3 ve ON 15>. 46 
Kjeldahl nitrogen III 184 | 104 263 | 236 | 620 | 520 
| ME tet | TOR] 200 0 eee 
Total | 265 193 403 359 | 910 | 1230 
Eres “weight 1.14 | 209 | 7.48 | 6.25 | 14.44 | 9.65 
| 
I 82 245 590 435 990 | 1210 
Shaos ane Il 18 6 24 17 21 13 
NE CAn LOSER III 324 434 | 1400 | 1040 | 3210 | 1400 
Total | 424 690 | 2010 | 1490 | 4220 | 2620 | 


which was designed in order to study the differences between plants grown 
on a complete medium and plants given a nutrient solution deficient in 
sulphur. 


For this purpose wheat seedlings were planted in six beakers containing a complete 
nutrient solution to which 250 uC/l carrier-free radio-sulphate was added; at the same 
time nitrogen analyses were made on a parallel batch of seedlings. After three days 
two beakers were taken for analysis, while the others were divided in two sets, one 
growing on a complete medium and the other on a medium, where magnesium 
sulphate had been changed for magnesium chloride. Neither solution contained 
any radioactivity. After another 11 and 21 days, further analyses were made on one 
beaker from each treatment; the solutions were completely renewed twice a week 
during the whole period of growth. At the transfer from active to inactive solutions, 
the plants were rapidly washed as described above (p. 780) in order to prevent 
undue contamination. — The nutrient solution used had the standard composition 
given in the section on culture methods, with an extra addition of 1/1000 M potas- 
sium chloride in order to diminish the variation in chloride content between com- 
plete and sulphur-deficient media. 


The changes in fresh weight and Kjeldahl nitrogen are given in table 7. 
It appears that after the first 11 days of differential treatment the shoots 
began to show differences in their development, whereas the roots were 
still rather unaffected. After another 10 days both roots and shoots had 
responded to the different conditions: in both cases the sulphur-deficient 
series showed a smaller increase in protein nitrogen and a greater increase 
of the soluble fraction than the plants on complete medium. In the shoots 


Figure 3. Radioautographs of plants 
from the last harvest of the experi- 
ment treated in tables 7 and 8. 


a) Left: +S; right: —S. 1/3 natural size. 


b S: 
u 5 : \ natural size. 
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Table 8. Changes in the distribution of radiosulphur (=the sulphur taken up during the 


first three days) of the same experiment as in table 7. — All values in umol/56 plants. The 
»total» values are rounded off so as to give the same significance as the experimental 
figures. 
Days on nutrient solution 3 14 24 
Treatment + S35 +5 —S +5 | — S 
I, sulphate ...... 1.02 0.07 0.06 0.09 0.05 
I, organic ...... 0.18 «0.12 0.10 0.09 0.10 
Roots |W Be cane red 0.011 0.013 0.012 0.008 0.008 
I ree Oa 0.21 0.45 0.72 0.55 1.34 
Total 1.42 0.65 0.89 0.74 1.50 
sulphate... 5.45 4.4 2.69 3.04 1.75 
I, organic ...... 0.55 0.9 0.65 0.54 0.82 
Shoots |) a oe eae ane 0.019 0.057 0.059 0.035 | 0.048 
ee 1.61 2.76 3.92 2.22 3.18 
Total 7.6 8.1 7.3 5.8 DE 
Whole plant 9.0 8.8 8.2 6.6 7.3 


low protein synthesis was, however, the dominating feature in sulphur starva- 
tion, whereas the roots showed chiefly a large increase of fraction I. This 
different behaviour of roots and shoots was also reflected by the fresh 
weights: as for the former part the —S cultures showed the greatest increase 
during the experimental period while as for the latter the +S plants were 
superior in this respect. — As for morphological features, the first harvest 
took place when leaf number one was about half developed. At the second 
harvest, the plants had two leaves and their colour was green in both treat- 
ments; at the third, the +S plants had developed three leaves, and some- 
times the fourth was visible, whereas in the —S treatment the third one 
had not grown to more than a few cm, the colour of the latter cultures being 
a yellowish green. Also the roots were visibly different at the last harvest, 
the primary roots having grown to a length of 12—16 cm in the complete 
nutrient solution and to 16—20 cm when no sulphate was added; on the 
other hand the development of adventitious roots, which had just started, 
was Clearly superior under +S conditions. — Radioautographs of different 
plant parts at the third harvest are shown in figure 3. 

Table 8 finally accounts for the fate of the radioactive sulphate taken up 
during the three days of common treatment. A successive leakage of this 
sulphur fraction to the nutrient solutions has seemingly occurred during the 
course of the experiment. Most of the loss is (indirectly) taken from the 
sulphate sulphur of the shoots, but in the +S plants there is a general 
decrease also of all organic fractions during the last ten days. Under —S 
conditions, where the radioactive sulphate of the shoots should virtually 
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represent the whole sulphur reserve — all the components of fraction I of 
the roots having dropped to a low, more or less constant value in both treat- 
ments — it is, however, drawn upon also for the incorporation of new 
material into some of the organic fractions (especially the root proteins) 
even during this late stage. The possible significance of these facts will be 
discussed below; it will only be noted here, that symptoms of sulphur defi- 
ciency are obtained although a sulphate reserve is still present. — Paper 
chromatograms and radioautographs of them did not reveal any qualitative 
differences during the course of the experiment. In sulphur deficient alfalfa, 
Mertz et al. (25) found certain quantitative differences in the amino acid 
balance. 


Discussion 


Some features of the results presented above, especially as regards the 
different development of roots and shoots, protein metabolism, and uptake 
of the sulphate ion, are of such a nature as to warrant a further discussion, 
even though it would be premature to draw any general conclusions. 

As for the growth and metabolic activities of the plants, it is evident from 
the values found, for example in tables 2, 3, and 7, that even on a complete 
solution roots and shoots develop in a different manner, especially during 
the first period. Whereas the latter show a steady increase in fresh weight 
as well as in nitrogen and sulphur, the increase in fresh weight of the former 
is much smaller (about 100 per cent as against 400 per cent for the shoots) 
and there is practically no net uptake at all of nitrogen and sulphur during 
the first ten days. Table 7 reveals, that immediately after deseeding there 
is actually a decrease in the root proteins; it is only during the next growth 
period that the synthetic processes begin to predominate. In view of the 
importance of the carbohydrate supply for the nitrogen metabolism (cf. 
Chibnall (9), chapter 4), it does not seem improbable that the initial weakness 
of the roots (as well as of the plants as a whole — see » Biological variability >) 
is connected with the loss of the endosperm and is successively overcome as 
the photosynthetic capacity of the shoots increases. The increased growth 
rates observed after about ten days, when the second leaf has begun to 
develop and take part in the carbon dioxide assimilation, also speak in 
favour of the above assumption. 

The difference between roots and shoots also appears in the formative 
effects of sulphur and in the influence of sulphur starvation on the nitro- 
genous fractions. The formative effects are perhaps best illustrated by the 
shoot/root ratio for the fresh weights (obtained from table 7): at the end 
of the experiment this ratio amounted to 2.0 in the +S cultures as against 
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1.1 in the —S series. It would be interesting to investigate these morphologic 
responses also in correlation with the changes in carbohydrate metabolism 
known to be induced by sulphur deficiency (Ergle and Eaton (15), table 6). 
— As for the nitrogen, in the roots of —S plants the soluble Kjeldahl nitro- 
gen was 255 per cent of the corresponding +S value (referred to the same 
number of plants at the third harvest), whereas in the shoots it amounted 
only to 122 per cent; the protein nitrogen gave 84 per cent and 44 per cent 
for roots and shoots respectively. The total nitrogen of the sulphur-starved 
plants as compared with the amounts found with complete nutrients was 
135 per cent for the roots as against 62 per cent for the shoots. All these 
values show a relative dominance of the roots over the shoots during sulphur 
deficiency; furthermore it is evident that the relative increase in fraction I 
is most marked in the roots and the relative decrease of fraction III in the 
shoots. At the same time the decrease in the shoot/root ratio induced by 
sulphur starvation is about 50 per cent for the majof nitrogen fractions as 
well as for the fresh weight, which clearly gives the impression that some 
common, fundamental metabolic process must be concerned. 

The visual effects of sulphur starvation have much in common with the 
changes encountered during nitrogen deficiency, a phenomenon which was 
noted by Nightingale and co-workers (28) and is commonly observed in 
classroom demonstrations when the influence of different mineral nutrients 
is studied. From the point of view of protein metabolism it is evident, that 
both nitrogen and sulphur must be expected to exert a direct influence. In 
the case of sulphur there has, however, been some controversy as to whether 
or not the result of this action during starvation is a proteolysis (28, 19, 14, 
15). From the present investigation it can be seen (tables 7 and 8), that 
neither the nitrogen nor the sulphur analyses of root proteins during sulphur 
deficiency give any indication of a net breakdown. The shoots also showed 
an increase of about 40 per cent in the nitrogen of fraction III during the 
last ten days of the experiment; at the same time there was however a 
decrease of 20 per cent in the corresponding sulphur. This seemingly supports 
the theory of Barrien and Wood (3) who, from their analyses of Andropogon 
sudanensis at different stages, arrived at the conclusion that the plants con- 
tained one protein rich in sulphur and another with a lower content of this 
element. The experiments related here implies that the former component 
is broken down in the shoots, whereas a net synthesis of the latter is still 
taking place under the present conditions of sulphur starvation. It should 
be mentioned, that the relevant primary values of others (28, 15) also seem 
to support this view. — Since one of the main visual symptoms of sulphur 
deficiency was the development of chlorosis, it may also be of interest to 
notice the results of Hanson, Barrien and Wood (18), who in connection 


UPTAKE AND METABOLISM OF SULPHATE 791 


with the above-mentioned work on Andropogon found that the chloroplast 
proteins contained more sulphur per nitrogen unit than the total proteins 
of the leaf. 

It should perhaps be pointed out that in the —S conditions of the experi- 
ment referred to above the changes of the radioactive fraction can be taken 
as reflecting proportional changes in total sulphur, although this is not the 
case in the +S series. It is thus justifiable to compute the N : S ratios of the 
sulphur-starved plants directly from tables 7 and 8. For the proteins syn- 
thesized between the first and second harvest this ratio amounts to 260 for 
both roots and shoots; for the period between the second and third harvest 
the corresponding values are 460 and —490 respectively. Using the same 
method of computation, the shoot proteins were apparently built up with a 
N:S ratio of about 70 during the first three days of growth on complete 
nutrient solution, a value which corresponds well with the one obtained with 
plants grown for ten days on complete nutrients containing S®° (table 3; 
N:S~90 after correction for inactive S). The above figures show a continuous 
increase of the N:S ratio of the proteins during sulphur starvation, which 
further illustrates the conclusions arrived at regarding proteolysis and syn- 
thesis of different components of fraction III. 

It should be observed, that »proteolysis» and »protein synthesis» here denote the 
net result of destructive and synthetic processes. The analyses of the nitrogen and 
sulphur of plants on complete nutrient solutions show that both processes must 
be going on, although the values give no indications as to their relative importance 
in every single case. Table 6 is also relevant in this connection, since it seems 


possible to explain the results presented there according to current views of a steady 
state equilibrium between proteins and the »metabolic pool» (cf. Sprinson, 31). 


A scheme of the metabolic path of sulphur in higher plants was tentatively 
presented by Wood (42). The attempt of the present investigation to elucidate 
this question further by chromatographic studies of the products obtained 
after a short uptake of radiosulphate showed no qualitative differences neither 
between the different fractions nor between methionine derivatives and 
cyst(e)ine. This illustrates the rapid metabolism of sulphur and is by no 
means incompatible with the scheme mentioned above and with results 
obtained on Escherichia coli (10); another approach to the problem is 
planned in order to obtain more decisive results. 

The radioautographs of figure 3 a show, that most of the radiosulphur from 
the early growth period remains in the first leaf; there is, however, some 
transport to the young parts in both treatments. This is in accord with the 
general view (42) that the sulphate in plants is relatively immobile, although 
some migration takes place under conditions of active growth or sulphur 
deficiency. A marked transport from the shoots back into the roots must 
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also occur as well as leakage into the solutions (table 8). — Since symptoms 
of sulphur deficiency were obtained although a sulphate reserve was still 
present (see p. 789), one might conclude, however, that the above-mentioned 
transport was not sufficient to supply the young plant parts in a satisfactory 
manner. 

The results on sulphate uptake presented in table 5 and figures 1 and 2 
should finally also be considered in connection with current views on ion 
absorption, although this falls a little outside the main scope of the present 
paper. That the pH is without direct influence on the uptake of sulphate is in 
agreement with similar investigations on other ions (see Broyer (6), pp. 224— 
225). The course of the time curves for sulphate uptake can be explained 
according to the hypothesis of Hylmö (21, fig. 10, cf. fig. 16) on the ion 
uptake of intact plants; it remains, however, obscure whether the rapid 
initial phase is due to metabolic ion accumulation or to an isotope exchange 
in the »apparent free space» of the roots (see Butler, 7). 


According to Butler (7), the »apparent free space» of the roots amounts to 25— 
30 per cent of their volume. With a fresh weight of about 1.5 g and with a solution, 
which is 1/2000 M with respect to sulphate, this gives approximately 0.23 umol/56 
plants as the amount which can be easily exchanged. The total uptake of tagged 
sulphate of the plants during one hour was only in the order of 0.13 umol/56 plants; 
this must be taken to indicate that the washing procedure (see p. 780) was fairly 
effective in removing not only superficially adsorbed radioactivity but also such 
S%50,—— as has been brought into the »apparent free space», leaving chiefly that 
part which has been accumulated by metabolic activities and thus cannot be rapidly 
exchanged by physical processes. Even the rapid initial uptake of sulphate — about 
0.013 umol/56 plants during the first minute — might thus conceivably be due to 
an »active» process, although it is of course impossible to exclude altogether a 
residual contamination of the »apparent free space». 


Summary 


The present paper is concerned with a study of the uptake and metabolism 
of sulphur and related problems in deseeded wheat plants. For this purpose 
tracer techniques in combination with paper chromatography of the amino 
acids and determinations of the Kjeldahl nitrogen of different fractions have 
been applied. A critical discussion is given of the isotope methods used and 
possible errors involved in them. 

There is a general difference in the growth of roots and shoots, perhaps 
connected with the deseeding procedure. This is illustrated by data from 
plants on complete nutrient solutions as well as by changes in fresh weight 
relations and nitrogen metabolism induced during conditions of sulphur 
deficiency. 
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A comparison of the quantitative changes in insoluble nitrogen and sulphur 
of the shoots during —S conditions leads to the conclusion, that at least 
two different protein types are present. High sulphur protein is broken down 
whereas low sulphur protein is still synthesized to some extent. 


The amino acid composition of the plants has been investigated and is 
tabulated. — In all fractions both the methionine derivatives and cyst(e)ine 
become radioactive at the same time when the plants are allowed to 
absorb S®°, 


A translocation of sulphur takes place from the old to the young parts of 
the shoot during development; nevertheless symptoms of S deficiency are 
obtained before the sulphate reserve of the plant is totally exhausted. A back 
transport from the shoots to the roots can also be established as well as a 
leakage into the solutions. 


Sulphate uptake is independent of the pH of the solution. The rate of the 
uptake of radiosulphate is higher during the first minutes than after some 
time has elapsed. The possible significance of this is discussed in connection 
with current views on ion uptake. 


This investigation has been generously supported by grants from Statens Natur- 
vetenskapliga Forskningsrad and Stiftelsen Natur och Kultur. The author is deeply 
indebted to Professor Hans Burstrôm for his never failing interest in the problems 
and to Dr. Arvid Carlsson, Mr. Tage Nilsson and Dr. Lennart Stigmark for their 
invaluable advice on technical matters. 
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In this paper the interactions of three phenoxy acids are studied, phenoxy- 
acetic acid (PAA), p-chlorophenoxyacetic acid (PCPAA) and racemic a-(phen- 
oxy)-propionic acid (PPA). PCPAA and PPA are well known auxins and 
PAA, earlier reported as inactive or slightly growth-promoting, is found to 
counteract other auxins in coleoptile sections just as in roots, Aberg (1), 
Audus and Shipton (2). It is the purpose of this investigation to determine 
whether PAA reacts in the same enzyme system as the two auxins and 
whether the ring-chlorinated and the side-chain-methylated compounds both 
act in this system as competing synergists. 


Method 


For the investigations an Avena cylinder test was used as a slight modi- 
fication of the methods earlier employed by McRae and Bonner (6) and 
Smith, Wain, and Wightman (9). Avena seedlings with glumes removed were 
germinated in vermiculite under constant conditions (25° C and 80—90 per 
cent relative humidity). Until 10 hours before use dark red light was given 
and then the coleoptiles were grown in darkness. After about 75 hours 2.5— 
3.5 cm. long coleoptiles were selected and 3 mm. from the tip sections, 5 mm. 
in length, were cut off and thread on thin glass needles. In this manner 
the sections were weighed down to good contact with the solution but not 
below the surface. The sections were placed rapidly into Petri dishes con- 
taining the solution under investigation, which in addition to active sub- 
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stances contained 1.6 per cent dextrose and 10% M sodium citrate buffer 
with pH 4.5. Each treatment was carried out with 10 sections at 25° C in 
15 ml. of solution. In order to obtain linear growth with time the sections 
were measured after 14 hours. 

The results given represent the average to the nearest 0.1 mm. of two 
duplicate treatments with a standard error of the mean of 2—5 per cent. The 
control growth was somewhat higher (1.02 mm.) during the investigation 
of the interaction of PAA and the two auxins than during the investigation 
of the interaction of the two auxins (0.96 mm.). This fact affects only the 
values of the native auxin content (the a-values in table 1) and is of no im- 
portance for the conclusions. 


Results 


The direct measurements are given in figures 1—3. Figure 1 represents 
the interaction of PCPAA and PPA, figure 2 of PAA and PPA and figure 3 
of PAA and PCPAA. In figures 2 and 3 the actions of the substances alone 
are also given, but there is no significant difference between the PAA-con- 
centrations O and 3 : 10° M. It is apparent that PCPAA and PPA are syner- 
gists and that PAA counteracts not only these two but also native auxins 
present in the coleoptile sections. The numbers of the curves represent 
increasing concentration of the interfering substance with increasing curve 
number. 


Kinetic treatments 


When the results are kinetically analysed according to Lineweaver and 
Burk (3) it is necessary to take into consideration the action of antive auxins. 
This has generally been done through subtracting control growth from the 
actual values, but that is not possible in this case because of negative growth 
values, leading to variation between +00 and —® when the values obtained 
by subtraction of control growth are inverted. It can however be assumed 
a priori that the lines will be straight, i.e.: 


([E] +a) fa mn vn =constant 

where [E]=the exogenous auxin concentrations, a=the concentration of 
native auxins expressed as actual exogenous auxin, V=the reaction velocity 
at substrate concentration ([E]+a) and Vyax=the maximum reaction velo- 
city when the enzyme is saturated with the substrate. 1/Vnax is the ordinate 
intercept in the double reciprocal plots. Now the a-values can be calculated, 
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Figures 1—3. Conventional curves. 


Figure 1. Interaction of p-chlorophenoxyacetic acid (PCPAA) and a-(phenoxy)-propionic 
acid (PPA). The curve numbers represent 1. 0.1; 2. 0.3; 3. 1.0 and 4. 3.0 -10— M 
PCPAA. 

Figure 2. Interaction of phenoxyacetic acid (PAA) and a-(phenoxy)-propionic acid (PPA). 
The curve numbers represent: 1. 0 and 0.3; 2. 1.0 and 3. 3.0 :10—° M PAA. Curve 
number 4 represents PAA alone. 

Figure 3. Interaction of phenoxyacetic acid (PAA) and p-chlorophenoxyacetic acid 
(PCPAA). The curve numbers represent: 1. 0 and 0.3; 2. 1.0 and 3. 3.0 -:10—° M 
PAA. 


and if the a-values are constant for different curves within the plot it can 
be established that the operation is correct. The a-values in table 1 are cal- 
culated for each curve as means with 1/Vijax=0.55, [E,] =the lowest actual 
exogenous auxin concentration and [E,] varying over the other concentra- 
tions. Each a-value will therefore represent one concentration of the inter- 
fering substance. 

Figure 4 a and b show the interaction of PCPAA and PPA, the latter repre- 
senting the substrate, in double reciprocal plots. In figure 4 a, however, no 
consideration has been taken of native auxins. In figure 4b a, is added to 
each concentration value of the substrate and a new reciprocal concentra- 
tion scale is formed. a, represents a mean between the 4 values in table 1. 
In table 1 the a-values calculated when PCPAA is regarded as the substrate 
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Figures 4—6. Double reciprocal plots. The curves are numbered 1—4 with increasing con- 


Figure 4a. 


Figure 4b. 


Figure 5. 


Figure 6. 


centration of the interfering substances just as in figures 1—3. 


Interaction of p-chlorophenoxyacetic acid (PCPAA) and a-(phenozxy) -propionic 
acid (PPA). No account has been taken of native auxins. 

The same as in figure 4a, but account has been taken of native auxins. 
at 1-0 MPA 

Interaction of phenoxyacetic acid (PAA) and a-(phenoxy) -propionic acid (PPA). 
Account has been taken of native auxins. a2=1.7-10—> M PPA. 

Interaction of phenoxyacetic acid (PAA) and p-chlorophenoxyacetic acid 
(PCPAA). Account has been taken of native auxins. ag=2.7-10—° M PCPAA. 
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Table 1. a-values, amount of native auxins expressed as actual exogenous autin. 


Curve number ie 2. 3: 4. a-value used |expressed as 
PCPAA + PPA | 1.2-10—5 1.2-10—5 0.9-10-5 1.1-10 | a, — 1.1: 10 | PPA M 
PPA + PCPAA | 2.2:10—6 2.4-10—6 1.8-10—6 1.5 - 10—6 — . | PCPAA M 
PAA + PPA 17210 TAC) o iOS — a, 1.7.1029 PAM 
PAA + PCPAA | 2.7-10—§ 1.8-10—® 1.1 :10—$6 — a, 27 10>° | PECPAAPM 


are given too. In both cases the a-values are quite constant, and the agree- 
ment with the Lineweaver-Burk formulation is very good. It can therefore 
be assumed that there is a true competitive interference between PCPAA 
and PPA. 

When the interaction of PAA and one of the exogenous auxins is studied 
there are not so simple relations. In figures 5 and 6 a, and a, are added to 
the actual concentrations. These a-values represent those calculated from 
the curve with the lowest concentration of PAA. As is seen from table 1, 
the a-values decrease with increasing concentration of PAA. It is, however, 
natural that such is the case because of the counteraction of PAA on native 
auxins. It is therefore reasonable to assume that these two interactions are 
competitive too and that PAA is an antiauxin in the meaning that it com- 
petes with these auxins in a reaction directly related to growth. 

According to Michaelis equation, 


or 


it is possible to calculate Michaelis constant, K„, which represents a measure 
of the affinity of the enzyme for its substrate. The substrate concentration, 
[S], represents the total auxin concentration present in the test, i.e., ([E] +a). 
Table 2 shows K„ for the two auxins obtained as means for different sub- 
strate concentrations. 

The equation (Sumner and Myrbäck, 10), 


(Kn + [S]) (V/Vi—1) 


K;= 


affords the possibility of calculating the affinity of the enzyme for the in- 
hibitor (PAA). Ki —Michaelis constant for an inhibitor, [I] the concentra- 
tion of the inhibitor, V=the reaction velocity in absence of the inhibitor and 
Vi=the reaction velocity in presence of the inhibitor. K, and [S] are the 
same as before. K; is shown in table 2, and is calculated both in the presence 
of PCPAA and PPA as means when [I] =10-5 and [S] varies. 
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Table 2. Kinetic constants. 


PPA | PCPAA | PAA (+ PPA) | PAA (+ PCPAA) 
Vue: 1.8 | 1.8 | 
Horn 1.4 -10—5 | 1.7 - 10-6 
Ki | 2.1 -10—5 1.9-10-5 


From table 2 is evident, that the enzyme has about 10 times as great an 
affinity for PCPAA as for PPA, i.e., PCPAA is 10 times as strong an auxin 
as PPA. In the same way PPA is about 50 per cent stronger as an auxin than 
PAA is as an antiauxin. It is clear too that, as was expected, the affinity of 
the enzyme for PAA is about the same whichever auxin is present. 


Discussion 


That the results fulfill so well the Lineweaver-Burk formulation for com- 
petitive interference indicates that the three exogenous growth substances 
all act in the same growth enzyme system, and it is likely too that the native 
auxins are involved in the same system. That the native auxins are counter- 
acted by PAA suggests that the inhibiting process is endogenous. It seems 
assumable that even the other competitions are of an endogenous nature. Yet 
it is evident that in the beginning of the test the native auxins act without 
competition and therefore the native auxins give a higher response than 
expected if the points when [E] =0 are plotted in the diagrams. 

We can now consider two series of homologous compounds, one with an 
increasing degree of chlorination in the ring and one with increasing methyla- 
tion in the side chain: 


CH, CH, 
CH,COOH CH,COOH CH,COOH CH,COOH SO D 
Der sins miss nso di 
af\-a À ne ee ee 
7 12 4 \/ \/ \/ 
Cl Cl Cl 
antiauxin auxin auxin antiauxin auxin antiauxin 


McRae and Bonner (6, 7) have used the two point attachment theory, first 
developed, by Muir et al. (8), to explain the antagonistic effect of 2,4,6-tri- 
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chlorophenoxyacetic acid and phenoxyisobutyric acid. They suggest a one 
point attachment in the carboxylic group, consuming the enzyme from the 
auxin, in the first case because of blocked orthopositions and in the latter 
case because of disturbed spatial relationship. In both cases two point attach- 
ment is hindered. PAA is regarded as an auxin but with low Vnax and there- 
fore acting as an antiauxin. Evidently this action can not depend upon one 
point attachment because that would presuppose a lack in reactivity in the 
orthopositions. It is, however, not quite clear why PAA, when two point 
attachment is attained, would have lower Vmax than PPA or PCPAA and 
many other closely related compounds. The most obvious difference between 
PAA on one hand and the two auxins on the other is that PAA is the least 
lipophilic of the three substances. The kinetic data obtained from growth 
measurements do not exclude the lipophilic properties as being of decisive 
importance. They only show, with account taken of the evidence for the 
reaction being endogenous, that the three investigated substances all have 
their lowest reaction velocities in the same point of the reaction chain from 
the entrance into the cell to growth, »reaction» not to be considered syno- 
nymous with »attachment». The whole process seems to be of very complex 
nature where uptake (Epstein and Hagen, 5, and Epstein, 4), transport, 
adsorption and attachments can cause competition in the different stages 
from growth substance initiation to growth. 


Summary 


Three phenoxy acids have been under investigation, viz. phenoxyacetic 
acid (PAA), p-chlorophenoxyacetic acid (PCPAA) and a- (phenoxy) -propionic 
acid (PPA). It was found that: 

1. PCPAA and PPA show competitive interference and PCPAA is about 

10 times stronger as an auxin than PPA, which can be expressed with 

Michaelis constant. K, for PCPAA=1.7-10—® and for PPA=1.4:10—. 

PAA is an antiauxin counteracting not only exogenous auxins but also 

native. K; for PAA=2 : 10°. 

3. The competitions thus seem to occur in the reaction chain: activation of 
native auxins — growth. 


D 
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Our knowledge of dormancy is at present confused. This confusion stems 
in part from the complexity of the phenomenon as it occurs in higher 
organisms, Thus, in many organisms the factors inducing and terminating 
the dormant state are intrinsic and difficult for the investigator to control, 
or the dormancy may occur as an inseparable part of periodism or related 
phenomena. Although several recent metabolic studies of dormant systems 
indicate a trend toward investigation of the problem at the cellular level, 
both the bulk of our knowledge of dormancy and the main trend in research 
on the problem remains at the organismic level and is of a gross descriptive 
nature. If the fundamentals of dormancy are to be properly understood we 
feel that the bulk of the research must be carried out so that its results 
may be expressed in terms of changes occurring at the protoplasmic level. 
The most immediate approach to this ideal lies through the selection of 
a relatively undifferentiated organism lacking the complicating factors 
mentioned above. Accordingly we have turned to a classical source of material 
for protoplasmic research, the slime molds, which have surprisingly been 
neglected by students of dormancy. Preliminary to investigations of the 
metabolic systems involved we have examined comparative levels of meta- 
bolites and metabolic products in active and dormant material of Physarum 
polycephalum, a classically investigated representative of the slime molds. 

Students of active protoplasm have long found slime mold plasmodia fruitful 
material for research both of a biophysical and a biochemical nature. 
The dormant sclerotia can be obtained almost as easily as plasmodia and 
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in the same abundance, the transition from the plasmodial to the sclerotial 
stage being completely controlled by easily regulated extrinsic factors, That 
variation of temperature, moisture, nutrient conditions, or combinations 
of these factors may induce the formation of a dormant sclerotium has been 
pointed out by DeBary (1887), Lister (1888), Miller (1899), Constantineanu 
(1907), and others. 

The surprising lack of investigations on the chemistry of the dormant 
sclerotia as compared with the active plasmodia is probably to be accounted 
for largely by the generally accepted, although unsubstantiated, assumption 
that the continued potentialities of the active living organism were retained 
in the sclerotium solely by virtue of the dehydrated state of its protoplasm. 
However, the fact that internal reorganization occurs during sclerotization, 
shown by morphological examination of the sclerotia made by Brandza 
(1928), and Allman (1950), is indisputable evidence that a change in the 
metabolism and consequent change in the biochemistry of the organism 
also occurs in this period. Hodapp (1942) suggested that sclerotization 
involves temperature controlled physiological changes requiring definite 
lengths of time for their completion, but did not attempt to determine what 
these changes were. In the present paper we present evidence that major 
changes in carbohydrate, fat, and protein metabolism accompany sclerotiza- 
tion in a representative myxomycete species. 


Methods 


A Seifriz derived culture of Physarum polycephalum was used in our 
investigation. After experimentation with both new media and media long 
in use for culturing slime molds, it was found that best growth of the 
plasmodium could be obtained on a new medium prepared by aspetically 
adding just enough sterile 2 per cent washed agar to a mass of sterile Quick 
Quaker Rolled Oats to hold the oats together in a solid porous mass. When 
prepared properly a moist medium apparently composed only of distinct 
swollen oat flakes results. The most successful cultures have been produced 
by inoculation with large pieces of sclerotia immersed in 70 per cent ethyl 
alcohol for five seconds, shaken with 1 : 20,000 aqueous mercuric chloride 
for thirty seconds, and washed free of mercuric chloride with distilled 
water. This treatment not only serves to reduce the ievel of contaminants, 
but also cuts down the germination time by thoroughly moistening the 
sclerotia. 


Cultures are raised in battery jars covered with large culture dish halves. All 
culture work is carried out at a fairly constant temperature of about 26° C. in a 
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dark culture room. Gray (1938) has shown that the yellow pigmented slime mold 
plasmodia will not fruit if kept in the dark. The cultures fruit readily when 
exposed to light for one or two days, therefore culture conditions are regarded as 
normal in all respects except light conditions. Material is collected when the 
plasmodium is so large that it has covered the sides of the culture vessel. Individual 
collections are placed in small beakers, immediately frozen in a Dewar flask 
containing dry ice, and dried at 43° C., over aluminium oxide in vacuo. The presence 
of natural indicators allows careful selection of standard material. Improper handling 
or adverse culture conditions result in oxidations or release of acids which are 
evidenced by darkening or discoloration of the material and by reddening of its 
yellow pigment, respectively. The indicator nature of the pigment has been studied 
by Seifriz and Zetzman (1935). Development of yeasts, molds, or bacteria is 
minimized by the culture technique described, but when these organisms become 
evident to the naked eye cultures are discarded. 

For production of sclerotia the plasmodia were raised on rolled oat medium in 
Petri dishes. Inoculations of the Petri dishes are made with small masses of 
plasmodial material taken directly from a successful battery jar culture. When the 
plasmodium has covered the medium completely and begins to cover the lids of 
the dishes, the lids are lifted and set at an angle on the bottoms so as to cover 
most of the dish, leaving enough open space to allow slow drying. Culture are 
allowed to dry for fifteen days in the culture room to complete sclerotization. 
Sclerotia so formed are highly viable. The dry sclerotia are easily separated from 
the substrate with scalpel or needles. Great care is taken to remove all traces or 
substrate, although the procedure is of no complication when adequate drying time 
is allowed. 

Some plasmodial samples and sclerotia were ground in a Wiley mill and passed 
through a 60 mesh screen. The plasmodial samples are more successfully ground 
in an agate mortar, sclerotia in a Wiley mill. 

Plasmodial samples were prepared for the determination of bound water by 
smearing them in layers from one to two millimeters in thickness on glass plates. 
The plates were placed in the path of a strong fan in a dust-free drying cupboard at 
room temperature for three days, although the material was completely dry and 
brittle in a few hours. Material was examined for discoloration on both the top and 
the bottom of the smear, and discolored samples discarded. 

Bound water was determined by the method of Todd and Levitt (1951). It is 
here defined as the amount of water not removed in a vacuum desiccator over 
magnesium perchlorate at room temperature, but’ removed by heating in an oven 
at 76° C. 

Powders analyzed for nitrogen were digested with concentrated sulfuric acid 
and hydrogen peroxide and the nitrogen determined using the Koch-McMeekin 
Nessler solution. With the exception that two hours were added to the digestion 
time the techniques used are those described by Lindner (1944). As in all subsequent 
colorimetric work except one instance in which a visual colorimeter was used, a 
Klett-Summerson photo-electric colorimeter fitted with the appropriate filter was 
employed. 

Water soluble carbohydrates were extracted by heating fifty milligrams of 
material with ten ml. of distilled water on a boiling water bath for 15 minutes. 
After the extraction samples were centrifuged; the supernate was saved and the 
residues washed twice with four ml. of water. The combined supernates were made 
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to 20 ml. total volume. Non-water soluble carbohydrates were extracted from the 
washed residues in the same manner using molar citric acid instead of distilled 
water, being made up to a volume of 12 ml. instead of 20 ml. Unless otherwise 
indicated they were filtered through celite deposited on filter paper before analysis. 
Carbohydrate content was determined colorimetrically by the anthrone method of 
Norris (1948), the value obtained being an expression of equivalent amounts of 
glucose. 

Glycogen was isolated by the method of Blatherwick, Bradshaw, Ewing, Larson, 
and Sawyer (1935). The glucoses equivalent of the precipitated glycogen was deter- 
mined by the method of Norris (1948). 

Reducing sugars were analyzed for in the acid soluble fraction isolated according 
to the phosphorus fractionation scheme of Schneider as reported by Lepage (1949) 
using the Folin-Malmros method also described by this author. 

Lipids were extracted in Soxhlets with a 3:1 solution of 95 per cent alcohol and 
ether. Extraction was allowed to continue until the solvent in the extractor was free 
of the yellow pigment found in our material, the entire extraction requiring six days. 
The contents of the extractors were transferred to tared weighing bottles, evaporated 
at room temperature in a desiccator and placed in an oven at 76° C. until no 
further traces of alcohol-ether solution could be detected. Samples were weighed 
after being allowed to come to an equilibrium at room temperature over aluminum 
oxide. 

Proteins were extracted, precipitated and fractionated according to the method 
of Levitt (1951). Isolated proteins were analyzed for nitrogen by methods of 
Lindner (1944), using the two hour additional digestion mentioned above. Methods 
of analysis for carbohydrate content of protein samples were the same as those 
reported above for tissue powders. 


Results 


One of the oldest and most debated correlates of dormancy has been the 
higher content of bound water in dormant than in active material. Since we 
planned further to investigate the levels of those compounds of high water 
binding capacity which constitute the colloidal bulk of our organism, we 
included observations on bound water content hoping to shed further light 
on the question of its role in dormancy. As shown in Table 1 the bound 
water content of dormant material is over 40 per cent lower than that of 
active material. 

Investigation of the nitrogen levels in active and dormant material 
indicated that an increase of about 13 per cent occurs during sclerotization 
(Table 2). The difference is statistically significant when the data are 
analyzed by the group comparison method of Snedecor (1946). When data 
to be presented in subsequent tables are calculated on a nitrogen basis rather 
than on a dry weight basis, however, the change in the significance of the 
difference is too small to recommend its presentation on a nitrogen basis. 
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Table 1. Bound water content of active and dormant myxomycete material. 


Active material Dormant material 
Sample No. Percent bound water Sample No. Percent bound water 

1 1.02 à D 0.83 
2 1.44 2 .50 
3 1.14 3 .78 
4 1.48 4 .62 
5 1.19 5 .90 
6 1.06 6 .38 
7 1.29 a .25 
8 1.46 8 .65 
9 .80 
10 .99 

Average | 1.26 0/0 | Average 0.67 0/0 


Two groups of analyses were conducted to determine the nature of the 
carbohydrate constituents of active and dormant material. In the first group 
of analyses material which had been stored over alumina at room temperature 
for from two and one-half to three and one-half months was used. Extracts 
were centrifuged and not filtered, and readings were made using the Dubosc 
colorimeter. Results shown in Table 3 indicate a higher content of both water 
soluble and waterinsoluble carbohydrates in active than in dormant material. 

In repeating the analyses on material which had been kept at +5° C. 
for less than one month, when the water soluble fraction of active material 
was analyzed, a brown discoloration was observed. The water insoluble 


Table 2. Nitrogen levels in active and dormant myxomycete. 


Active material Dormant material 


Sample No. Nitrogen (pg/mg. dry wt.) Sample No. Nitrogen (pg/mg. dry wt.) 


1 75.2 1 71:2 
2 79.0 2 77.8 
3 70.0 3 83.0 
4 70.0 4 71.2 
5 72.5 5 80.3 
6 56.9 6 83.0 
7 76.5 7 92.2 
8 2192 8 76.5 
9 85.5 9 85.5 
10 66.0 10 89.5 
11 72.5 11 72.5 
12 60.2 12 71.2 
13 76.5 13 89.5 
14 64.8 14 89.5 
15 76.4 


Ee 


Average 71.2 Average 80.6 
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Table 3. Carbohydrate content of active and dormant material (expressed as ug of 
equivalent glucose per mg of dry sample). WSF — water soluble fraction; CAHF — citric 
acid hydrolyzable fraction. 
SSS 


Active Dormant 
r 
Bante No. Car bohydrate EEE Carbohydrate 
WSF CAHF Total WSF CAHF Total 

1 314 86 400 1 372 40 412 

2 279 == — 2 330 39 369 

3 464 37 501 3 380 37 417 

4 368 72 440 4 326 38 364 

5 457 94 551 5 359 40 399 

6 329 117 444 6 350 36 386 

7 432 115 547 7 392 44 436 

8 424 87 511 8 350 25 375 

9 386 63 449 9 380 31 411 
10 386 36 422 10 324 22 346 
Average | 78 474 Average 356 35 | 392 


fraction gave a normal reaction as did the water soluble fraction isolated 
from dormant material. It was found that the interference was due to a 
heat resistant, trichloracetic acid resistant, Millon’s positive material pre- 
cipitating on the dropwise addition of acetic acid at pH 3.6. The interfering 
substance limited to active material was tentatively identified as a muco- 
protein. It could be completely removed by ammonium sulfate saturation. 
Since saturation of the solutions with ammonium sulfate in no way shifted 
the anthrone curve, water soluble fractions from both active and dormant 


Table 4. Carbohydrate content of active and dormant myxomycete material. Based on 
Extracts Saturated with (NH,),SO, (expressed as ug of equivalent glucose per mg of 
dry sample). WSF — water soluble fraction; CAHF — citric acid hydrolyzable fraction. 


Active Dormant 
Carbohydrate Carbohydrate 
Sample No. Sample No. 

WSF | CAHF | Total WSF | CAHF | Total 

1 178 44 222 1 302 5 307 

2 344 | 33 377 2 370 5 375 

3 338 35 373 3 241 6 247 

4 386 26 412 4 319 5 324 

5 306 35 341 5 285 7 292 

6 255 36 291 € 306 7 313 

7 190 32 222 7 294 6 300 

8 350 35 385 8 348 6 354 

9 255 27 282 9 306 4 310 
10 280 25 305 10 315 7 322 
Average 288 33 321 Average 308 6 314 
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Table 5. Glycogen content of active and dormant myxomycete material (expressed as 
ug of glucose equivalents per mg). 


oo ET 


Active Dormant 
Sample No. Glycogen content ‘Sample No. | Glycogen content 

1 120 1 45 
2 96 2 41 
3 111 3 32 
4 113 4 34 
5 118 5 42 
6 118 

Average 113 Average 39 


material were saturated prior to filtration and analysis. Values obtained by 
the analysis of the ammonium sulfate saturated material indicated little 
change in the level of water soluble carbohydrates (Table 4). A decrease in 
the citric acid hydrolyzable fraction was observed. Since ammonium sulfate 
saturation would definitely cause precipitation of glycogen and _ possibly 
other water soluble polysaccharides, we determined glycogen, the only 
carbohydrate in this category mentioned in the literature, on separate 
samples. As shown in Table 5, a large loss of glycogen occurs during 
sclerotization. 

Since it was possible that glycogen was being broken down to simpler 
reducing sugars and stored we proceeded to determine reducing sugars. 
Table 6 shows that reducing sugars are present in very low concentration 
in the active material, absent from dormant material, or present in con- 
centration too low to determine by the method used here. 

The results of lipid extractions shown in Table 7 show that a little less 
than a 100 per cent increase in lipid content occurs during sclerotization. 

We were able to obtain no consistency in the results of repeated protein 
extractions and fractionations. Analysis of the extracted residues showed 


Table 6. Reducing sugars in active and dormant Physarum polycephalum. 


Active Dormant 
: Reducing Sugar pg/mg. : Reducing Su 
Sample No. : & Sugar jg/mg. 
| dry wt. X 100 SERIE ING: dry wt. X 100 
1 3.9, 2.8 1 0, 0 
2 3.5, 3.5 2 = F0 
3 3.0, 18.8 3 0, 0 
4 3.0, 3.0 (2.5) 
Average 3.3 Average 0 
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Table 7. Lipid Content of active and dormant Physarum polycephalum. 
po ee Ee eee ee 


Active Dormant 
Sample No. Lipid pg/mg. dry wt. Sample No. Lipid pg/mg. dry wt. 

1 — 1 337 
2 197, 181 2 = 
3 188, 193 3 310 

4 339 

5 329 
Average 190 Average 329 


a large variation in the per cent of unextracted nitrogen. Nitrogen values 
obtained for proteins extracted from dormant material were normal and 
in reasonable agreement, but values obtained for proteins from active material 
were much too low for pure proteins. The interference of a mucoprotein 
with determinations of carbohydrate fractions as discussed above, and the 
high concentration of polysaccarides which might be coprecipitated with 
proteins by ammonium sulfate saturation suggested that the possibilities 
of the presence of mucoproteins and co-precipitated carbohydrates should 
be examined experimentally. Three crude protein samples each of dormant 
and active material were treated as follows. Sample 1 of each group was 
extracted with distilled water at 100° C., for 15 minutes, and samples 3 of 
each group was subjected to hydrolysis with molar citric acid at 100° C. for 
15 minutes. All solutions were centrifuged for 3 minutes at about 1,700 g 
and the supernates analyzed for total carbohydrates by the anthrone method 
pointed out earlier. The results shown in Table 8 indicate that in active 
material a large amount of both co-precipitated and conjugated carbohydrate 
is present in protein samples, but in dormant material the level of these 
carbohydrates is low. 

Further analysis of the crude protein samples indicated that about ten 
per cent of the crude sample isolated from active material was glycogen, 
readily extracted by water at room temperature. Glycogen was absent from 
the crude samples isolated from dormant material. The glycogen fraction, 


Table 8. Preliminary carbohydrate analyses of protein samples. 


| Carbohydrate (9/0 protein sample) 
Sample Treatment 
Active | Dormant 
1 Water extraction, room temperature | 24.6 | 2:9 
2 Water extraction, 100° C 15 min....... | 58.4 2.9 
3 | Citric acid hydrolysis, 100° C ......... 74.0 | 8.8 
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however, accounts for only about 40 per cent of the cold water soluble 
carbohydrate content of the active samples. We assume that the least amount 
of carbohydrate attached directly to a protein moiety is indicated by the 
difference between the citric acid hydrolyzed carbohydrate fraction and the 
fraction extracted with boiling water, and that these figures give some means 
of comparing the levels of carbohydrate containing proteins in active and 
dormant material. 

The presence of a muco-protein in active material was confirmed by ex- 
tracting active material with distilled water, heating the extraction mixture 
to the steaming point, centrifuging, and analyzing the supernate. On boiling 
the supernate no precipitate forms. The clear bôiled supernate gives a 
positive Millon’s test. On the addition of alcohol a precipitate forms. The 
precipitate forms a cloudy suspension with water, not a clear solution as 
would glycogen. The precipitate itself gives a positive Millon’s test. Ten per 
cent trichloracetic acid will not precipitate the material. On the dropwise 
addition of glacial acetic acid a precipitate forms. Material precipitated in 
this manner forms suspensions white in transmitted light, fluorescing greenish 
yellow in white light and the long ultra-violet. Heat resistance, lack of 
precipitation with trichloracetic acid, precipitation with alcohol, precipitation 
with acetic acid at pH 3—5, and the presence of tyrosine or tryptophane 
characterize the mucoproteins according to Meyer (1945). 


- Discussion 


Several interesting inferences may be drawn from the data presented here. 
Our data indicate that increase in total bound water is not a general correlate 
of dormancy. Indeed, a decrease in bound water content is probably a 
simple reflection of the decrease in levels of certain colloidal constituents, 
such as those decreases which we have demonstrated here for glycogen, water 
insoluble carbohydrates, and mucoproteins. Our data add little to the vital 
issues of the bound water controversy. The question of the extent to which 
bound water is important in metabolism of dormant systems is not ap- 
proached by work of this type. The determination of the degree of the presence 
or absence of a substance is no proof of its role in the organism. Our data 
do not preclude the possibility that the bound water content of, for example, 
the protein fraction, or a specific protein fraction, increases during the in- 
ception of dormancy and allows the organism to persist in dormant condition. 
The approach to the investigation of the importance of bound water must 
be changed if we desire to draw significant basic conclusions as to the 
fundamental importance of bound water in metabolism of dormant systems. 
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Possibly the reorganization of internal structure which characterizes 
sclerotization in the slime molds accounts for the loss of water-soluble poly- 
saccharides which we have demonstrated to occur during this process. Kiesel 
(1930) presents the view that a similar fraction, called by him myxoglucosan, 
plays a role in the structure of the plasmodium. Our water-insoluble carbo- 
hydrate fraction corresponds in percentage to myxoglucosan values obtained 
for the plasmodium of another species by this author. 

In examining our data on glycogen levels we assumed that either 
(1) glycogen is hydrolyzed during sclerotization and the split products stored 
or utilized as an immediate energy source, or (2) glycogen or its products 
are being used in the synthesis of more complex storage materials. The 
complete absence of reducing sugars in dormant material, and the lack of 
significant change in level of non-reducing water soluble carbohydrates, such 
as trehalose, demonstrated in myxomycetes by Iwanow (1925), indicates 
that at least the common breakdown products of glycogen are not accumu- 
lated. The lipid data is compatible with the theory that the removal of 
glycogen and the accumulation of fats may be directly linked through a 
conversion of glycogen to fats. If all the glycogen lost during sclerotization 
were converted to lipid material the conversion would account for a little 
over 50 per cent of the increase in lipids. 

The loss of mucoproteins during sclerotization is, as far as we can deter- 
mine, unparallelled in the literature. Since these compounds are probably 
very closely related to water balance in the cell according to Tonzig (1941), 
their absence from dormant material of other species may be worthy of 
investigation. The literature on this group is so restricted, however, that we 
cannot judge whether they are of limited importance in organisms other 
than the slime molds, or what their role in the physiology of the organism is. 


Summary 


A new technique for the gross culture of large masses of myxomycete 
plasmodia is described. A comparative study of active and dormant myxo- 
mycete material has revealed that a decrease in bound water occurs during 
the initiation of dormancy. This change is probably a simple reflection of 
major changes observed in the carbohydrate metabolism which are evidenced 
by a decrease in the content of water-insoluble long chain polysaccharides 
and a decrease in glycogen content. In addition it reflects changes in 
carbohydrate-protein relations as evidenced by loss of mucoproteins. Changes 
in carbohydrate metabolism are further evidenced by loss of reducing sugars 
in dormant material. An increased lipid content is probably directly correlated 


53 
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with the carbohydrate losses, a conversion of carbohydrates to fats being 
suggested. 


The investigation reported here were carried out at the Botany Department of 
the University of Missouri under the guidance of Dr. J. Levitt for whose under- 
standing guidance the author is deeply grateful. The investigator held a U. S. Public 
Health Service Predoctorate Research Fellowship. Financial support for a portion 
of the work was furnished by the Office of Naval Research under contract Nonr 
327(00) administered by Dr. J. Levitt, while preliminary investigations on the culture 
of the organism were furthered through a grant-in-aid given by the Sigma Xi Society. 
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Some Metabolic Changes in Tobacco Stem Tips Accomp- 
anying Maleic Hydrazide Treatment and the Appearance 
of Frenching Symptoms” ? 


By 
E. L. PETERSEN and A. W. NAYLOR 


Connecticut Agricultural Experiment Station and Duke University 
(Received June 22, 1953) 


One of the effects of maleic hydrazide upon tobacco plants is to cause 
cessation of growth of buds. The terminal meristem is particularly sensitive 
to treatment (Naylor and Davis, 1950). At higher concentrations maleic 
hydrazide and certain of its derivatives, notably the dodecylamine derivative, 
is very inhibitory to lateral bud development (Petersen, 1952). But when the 
concentrations are just sufficient to inhibit terminal bud growth, yet permit 
lateral buds to grow the new growth consists of long narrow leaves of a 
characteristic type. Such malformations have been observed in all types of 
tobacco tested — Turkish, Havana Seed, and Connecticut Broadleaf. Both 
greenhouse and field tests with maleic hydrazide indicate that certain con- 
centrations of this substance cause the production of new growth in tobacco 
almost identical with that associated with the physiological disease known 
as »frenching». In fact, tobacco experts with long experience with this 
disease find difficulty in distinguishing between »true» frenching and pseudo- 
frenching induced by maleic hydrazide. 

Frenching usually manifests itself in tobacco through curtailment of 
apical growth, development of numerous long narrow leaves on a shortened 


! This work embodies a portion of a thesis submitted to the Department of Plant 
Science of Yale University by the senior author, in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy. 


2 Part of this work was supported by a grant from the Committee on Growth of the 
National Research Council, acting for the American Cancer Society. 
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axis, clearing of the veins in affected leaves and a tendency of the leaves 
to curl under at the margins- Maleic hydrazide is only one of several 
substances known to induce this growth pattern. Similar symptoms follow 
treatment with sulfanilamide and sulfapyridine (Spencer and Lavin, 1939). 
Much the same sort of response follows the use of DL-isoleucine or diffusates 
of Bacillus cereus and Erwinia carotovora in the culture medium of young 
tobacco plants (Steinberg, 1947 a; 1947 b). 

Inasmuch as there are several ways in which pseudo-frenching may be 
induced in tobacco, an excellent opportunity is provided for determining if 
there is a common metabolic pattern which can be associated with production 
of linear shaped leaves in tobacco. In the study reported here primary atten- 
tion is given to the metabolic changes induced in meristematic tissues through 
maleic hydrazide treatment. Changes in mineral nutrition, carbohydrate and 
nitrogen metabolism are considered. Wherever possible direct comparisons 
have been made with comparable tissues taken from plants showing naturally 
induced frenching. 


Materials and Methods 


Minerals 


To determine if maleic hydrazide treatment of tobacco plants affected their 
phosphorus metabolism the inorganic phosphorus and total phosphorus content of 
young tissues were determined. The growing point and upper 7 or 8 leaves of Turkish 
tobacco plants were sprayed when they were about 6 inches in height with 3 ml. 
per plant of 0.036 M maleic hydrazide solution adjusted to pH 6.0. Seventeen days 
after treatment the growing points and leaves smaller than 2 inches in length were 
harvested from treated and untreated plants. The tissues were ground and the 
expressed juices analyzed by the method described by Waygood (1948). 

Progressive changes in the content of certain nutrient elements in plants treated 
with maleic hydrazide were compared to those in untreated plants by spectrographic 
analysis of dried material. The plants were treated as described above, following 
which the growing points and very young leaves from eight treated plants and 
eight untreated plants were harvested at two day intervals for a period of nine 
harvests. 

From a shade-grown tobacco field in which some frenching occurred similar 
analyses of the youngest leaves showing frenching symptoms were compared with 
those of young leaves from normal plants. 


Soluble Carbohydrates 


Free reducing sugars and total sugars were compared in tissues of treated and 
untreated plants and in frenched and normal plants. Two sets of plants were 
treated, harvested and dried similarly to those used for the mineral element tests. 
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The analyses reflect the fact that treated samples 2, 4 and 6 were diluted more 
with normal tissues lower on the plant than treated samples 8, 10 and 12. This 
is evidenced by the fact that the dry weight of material harvested from the sixteen 
treated plants representing each of the former samples was nearly fifty grams, 
whereas only two grams was obtained from eighteen plants for each of the latter 
samples. Samples 11 and 12 differ from the others in that they were first lyophilized 
and later oven dried when it was found that their moisture content was too high. 

Sugar analyses based on the reduction of copper by clarified filtrates from water 
extracts of the dried tissues were made by the Somogyi method as modified by 
Pucher (Pucher, Vickery, and Leavenworth, 1948). Total sugar was determined as 
the reducing value after treatment of an aliquot of the extract with invertase 
solution. 


Nitrogen 


The same two sets of samples analyzed for sugars were used for the series of 
nitrogen determinations along with the same frenched samples. 

Total nitrogen was determined by the semi-micro Kjeldahl procedure (Vickery 
et al., 1946). 

Protein nitrogen was determined as the total nitrogen remaining in the residue 
of tissues following extraction for 16 hours with a refluxing hot 70 per cent ethyl 
alcohol solution and an extraction in water for 20 minutes on a steam bath. 

The soluble nitrogen fractions were determined on extracts prepared by steeping 
one gram of dry tissue in 100 ml. of water at 80—85° C for 10 minutes. Free 
ammonia was determined by the method of Reifer (1938) as modified by Meiss 
(1952), in which an aliquot of the extract was distilled in vacuo for 15 minutes at 
40—45° C in the presence of a phosphate-borate buffer and sodium hydroxide-borax 
buffer. Following collection of the ammonia in 0.1 N HCl and addition of hypo- 
bromite solution, potassium iodide and HCl the solution is titrated with 0.01 N 
sodium thiosulfate solution. Gultamine amide nitrogen was determined by the same 
method as free ammonia following hydrolysis in a buffer solution at pH 6.5 for 
2 hours in a boiling water bath as described by Vickery, et al. (1935). Asparagine 
amide nitrogen was determined similarly after dydrolysis in 6.0 N sulfuric acid for 
2 hours in a boiling water bath. Free amino and total amino nitrogen were determined 
according to the procedure of Vickery and Pucher (Vickery, et al., 1946), using the 
mancmetric amino nitrogen method of Van Slyke (Peters and Van Slyke, 1932). 
Peptide nitrogen was calculated as the difference between the total and free amino 
nitrogen. Nitrate nitrogen was determined electrophotometrically following extraction 
of the dry tissue with copper acetate solution and resolution with phenoldisulphonic 
acid. 

Individual free amino acids were estimated by paper chromatography using the 
procedures described by Thompson and Steward (1951 a and b). Spots were tentativ- 
ely identified by comparison with maps of Dent (1948) and Steward, et al. (1951) 
and also by comparison with chromatograms of known amino acids. In order to 
separate isoleucine from leucine the spot was eluted with 50 per cent ethanol and 
re-chromatogramed two dimensionally, the solvent for both directions being butyl 
alcohol saturated with buffer at pH 4.0 (McFarren, 1951). 


LE A 
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Table 1. Progressive changes in mineral element composition of treated vs control plants. 
Per cent of dry weight, except for Cu and B. 
ee 


D f > 
Element | Sample ays after treatment 
BEE BE ae m0) 12 1A) 116 21818 
re | M. H. Lost | 3.25 | 3.25 0950!) 3.30° | 3/85 | 3.75 | 290 3:55 
Control | 410 \- 2:80.) 3.75 | 3.60 | 440 | 4.75 | 380 | 3882) 330 
a5 | M. H. Lost | 130 | 1501 180 | 205 17215 | 220 | 330 | 260 
Control | 1.40 |= 1.10 | 1.45 | 1.30°| 1.68) 1.40: | 1.38- | 2.00 | 1.38 
Mg | M. H. Lost | 0.46 | 0.42 | 0.60 | 0.48 | 0.56 | 0.58 | 0.50 | 051 
Control | 0.59 |- 0.42 | 0.46 | 0.49 | 0.59 | 0.63 | 0.54 | 0:59 | 0,52 
5 | M. H. Eoste 0 0.21..1.0.20, | 0.92 ,140.78. | 0:53 <1 0-61. 10.53. |-051 
Control | 0.88 | 0.64 | 0.77 | 0.83 | 0.95 | 0.92 | 0.73 | 0.74 | 0.69 
a { M. H. Lost | 0.040] 0.055 | 0.090 | 0.065| 0.085 | 0.085| 0.065 | 0.055 
Control | 0.060| 0.035| 0.035| 0.035) 0.055 | 0.045 | 0.030 | 0.040 | 0.025 
Ee | M. H. Lost | 0.085 | 0.025| 0.035 | 0.035 | 0.030 | 0.030 | 0.025 | 0.025 
Control | 0.035) 0.025| 0.025| 0.025 | 0.030| 0.035| 0.025 | 0.030| 0.030 
La { M. H. Lost | 0.003) 0.006] 0.005 | 0.004! 0.003) 0.003| 0.004] 0.004 
Control | 0.007) 0.004} 0.005| 0.004] 0.005 | 0.003! 0.005| 0.006 | 0.004 
2: { M. H. Lost | 0.028 | 0.026| 0.026 | 0.025} 0.023| 0.018| 0.015| 0.021 
Control | 0.038| 0.027] 0.018| 0.017| 0.021| 0.024] 0.016| 0.018] 0.056 
N M. H. Lost | 0.080] 0.065| 0.070! 0.055! 0.055| 0.035| 0.035 | 0.040 
Control | 0.080! 0.055| 0.035| 0.035| 0.040] 0.050! 0.035| 0.035| — 
Ele lan. Lost» 11505: 1505 81.8 | 55200-1600 4) 4351| 38.0. 152.0 
PP Control | 51.0 | 44.0 |43.5 [45.0 |56.5 |e25 1380 152.0 [54.0 
A EME Lost | 195 |19.0 |31.0 |20.0 |18.5 [230 |16.0 |20.0 
PP Control | 27.5 | 165 190 |21.0 |25.0 135.0 |18.0 |22.5 |19.0 


Results 


Comparison of the tissues of plants treated with maleic hydrazide com- 
pared with those of normal plants revealed no differences in either the 
organic or inorganic phosphorus contents. However, spectrographic analyses 
of the progressive changes showed differences in total phosphorus, calcium 
and manganese. Table 1 shows increased amounts of both calcium and 
manganese and decreased amounts of phosphorus in the treated plants. 
Although some variability existed in the percentage of calcium in normal 
leaves it appears as though no real change occurred over the 18 day period. 
On the other hand regular increases were found in the treated leaves until 
nearly twice as much was present as in the normal leaves. The plants 
harvested at the different intervals did not show such a progressive change 
in manganese content, yet the table shows that all treated samples contained 
greater amounts than the controls. The phosphorus content first increased 
and then decreased in the treated samples as time elapsed, as compared to 
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Table 2. Mineral element composition of frenched vs normal shade tobacco plants. 


Per cent of dry weight ppm 
Sample 
Ko] cal Me [rt lle lim) aac) RNa es 
Frenched 3.58 | 2.60 | 1.17 | 0.31 .009 | :035 | .009 .01 .004 | 24.0 15.0 
Normal 1,922 17.220217 12.1821720.282|7 2011 .026 | .011 = .003 18.0 | 17.0 


the controls. Since the differences were small they may be a result of sample 
variability rather than being actual differences. No other elements differed 
in significant amounts. 

The frenched sample did not show the same differences as were found 
in the maleic hydrazide samples. Table 2 compares samples from frenched 
and normal shade-grown tobacco plants. Potassium was nearly twice as 
abundant in the frenched sample as in the normal and iron, copper, and 
calcium were also present in somewhat greater amounts in the former. The 
magnitude of the calcium increase was much less in the frenched than in 
the maleic hydrazide samples. 


Sugars 


Table 3 shows the relative amounts of sugars in samples from plants 
treated with maleic hydrazide, normal and frenched plants. The maleic 
hydrazide-treated plants contained considerably larger amounts of reducing 


Table 3. Soluble carbohydrate content of treated, untreated, frenched and normal samples. 
Per cent of dry weight. 


S Reducing sugars Reducing sugars after Total soluble 
ample ( ; : 
(as glucose) inversion (as sucrose) carbohydrates 
1 Control ...... 1.245 0.355 1.600 
2 4.750 1.170 5.920 
3 Control >... 1.545 0.610 2.155 
LNH ee 2.880 0.820 3.700 
5 Control ...... 1.535 0.730 2.265 
GAME Hannes 4.580 0.370 4.950 
7 Control ...... 0.512 1.422 1.934 
SMS ne 3.114 1.554 4.668 
J Controllers 1.660 2.114 3.774 
OMAGH see eect ac 4.268 1.472 5.740 
11 Control ...... 3.479 2.581 6.060 
THEME 4.816 1.063 5.879 
N—1 Normal ...... 1.694 1.762 3.456 
F—1 Frenched ... 0.486 2.635 3.121 
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and total sugars than the untreated plants in all cases. The relative amounts 
of sucrose were too variable to show significant differences. The frenched 
sample again differed from the maleic hydrazide samples, as it contained 


much less reducing sugar and a larger quantity of sucrose than the normal 
sample. 


Nitrogen 


Table 4 shows the amounts of the seven nitrogen components determined 
in samples 1 through 6 and Table 5 shows the same comparisons for samples 
7 through 12. As previously explained, samples 2, 4 and 6 showed less effects 
of the maleic hydrazide treatment than samples 8, 10 and 12 because the 
manner of sampling causes the former to be diluted with larger amounts 
of nearly normal leaves. 

In all three replicates of both sets each treated sample contained con- 
siderably more soluble nitrogen in the reduced forms than the corresponding 
control sample. Free ammonia in the treated tissues exceeded that in the 
normal tissues by forty per cent in Table 4 and by a ten times greater margin 
in Table 5. The excess of glutamine amide nitrogen in the treated samples 
is rather similar in the two tables, averaging more than three times as great 
as in the untreated samples. The free asparagine amide nitrogen shows a 
similar relationship, the average for the treated tissues being two and one-half 
times as great as for the controls in Table 4 and nearly three times as great 
in Table 5. 

The uncombined amino acids were also found to be in excess in the 
treated samples. In the more dilute samples shown in Table 4 the content 
of the treated samples was one and one-half times that of the untreated 


- Table 4. Nitrogen components in young tissues of treated and untreated plants. 
Per cent of dry weight. 


Rep. 1 Rep. 2 Rep. 3 Average 
piace Component, nous 3 Non lit Not Nova NOUS Nowell) lH 
Control | M. H. | Control | M. H.| Control | M. H. | 

Free ammonia-N ......... 0.070 | 0.106 | 0.065 | 0.092} 0.084 | 0.111} 0.073 |0.103 
Free glutamine amide-N 0.053 | 0.164] 0.059 | 0.155] 0.052 | 0.243} 0.055 (0.187 
Free asparagine amide-N | 0.036 | 0.066] 0.023 | 0.095] 0.043 | 0.094 | 0.034 ,0.085 
Free amino-N ...............| 0.330 | 0.450] 0.211 | 0.305} 0.297 | 0.467 | 0.279 |0.407 
Peptide-N .….................….| 0.034 | 0.263} 0.106 | 0.292) 0.035 0.175] 0.059 |0.243 
ProteimNerr ce eee 3.834 | 2.844| 3.457 | 2.653| 3.556 | 2.188| 3.616 12.562 
Nitrate-N en serene cases 0.885 | 0.670| 0.651 | 0.783| 0.869 | 0.841| 0.802 |0.765 
Total of 7 components ...| 5.243 | 4.563| 4.572 | 4374] 4.930 | 4.119] 4.915 |4.352 
Total N by analysis ...... 5.61 4,79 5.12 4.59 5.09 4.55 5.27 |4.64 


Balanceof N undetermined] 0.37 0.23 0.55 0.22 0.16 0.43 0.36 10.29 
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Table 5. Nitrogen components in young tissues of treated and untreated plants. 
Per cent of dry weight. 
i Pas ae ea a nn nme nn, 


Rep. 1 Rep. 2 Rep. 3 Average 


Nitrogen Component No. 7* | No. 8| No; & [No. 10| No. 11 |Ne. 12 


Control | M. H. | Control | M. H.| Control | M. H. Control |M. H. 


Free ammonia-N ......... 0.051 | 0.190] 0.951 | 0.208) 0.002 | 0.076} 0.035 |0.158 


Free glutamine amide-N 0.032 | 0.201 0.048 | 0.239} 0.101 | 0.254] 0.060 |0.231 
Free asparagine amide-N | 0.057 | 0.149] 0.061 | 0.147] 0.036 | 0.147] 0.051 {0.148 
Free amino Ne cnn ce 0.224 | 0.483| 0.304 | 0.661 | 0.273 | 0.578| 0.267 |0.574 
Peptides Nurse sos. entree - 0.145 | 0.077| 0.145 10.077 
Protein Nee 4.765 | 3.472 | 4.666 | 3.012 | 3.882 | 2.838| 4.438 13.107 
Nitrate NU 2... 0.742 | 0.429| 0.495 | 0.178| 0.052 | 0.194] 0.430 10.367 
Total of 7 components ...| 5.871 | 4.924| 5.625 | 4.745| 4.492 | 4.164] 5.426 4.662 
Total N by analysis ...... 7.35 6.89 6.75 6.54 5.42 5.28 6.51 16.24 
Balance of N undetermined| 1.48 1.97 1.12 119 0.93 1.12 1.08 /1.58 


samples, whereas in Table 5 there was twice as much free amino nitrogen 
in the treated as in the untreated samples. 

Peptide nitrogen analyses did not furnish as consistent results. In Table 4 
the treated tissues contained an average of four times as much peptide 
nitrogen as the normal tissues. Because the limited amount of material in 
samples 7, 8, 9, and 10 was needed for numerous individual amino acid 
determinations, peptide nitrogen was not determined. However, the lyophilized 
samples 11 and 12 showed a reversal of the values found in the first set of 
samples. This may have been a result of moisture in the stored material 
as previously mentioned. 

The average amount of nitrate nitrogen in the untreated samples was 
somewhat greater than in the treated samples; however, these differences 
were not statistically significant. 

Protein nitrogen is the single component in which the normal tissues 
exceeded the treated. The magnitude of the differences was similar in the 
two sets of samples. As is shown in the total of the seven components 
determined, the excess of protein nitrogen in the normal tissues more than 
offset the excesses of the other components found in the treated tissues. 
The total nitrogen determined by analysis exceeded the total of the individual 
components in all cases, the undetermined balance being greater in Table 5. 
In that set of samples the treated tissues contained a greater amount of 
undetermined nitrogen than the normal tissues; whereas the first set of 
samples were too variable to establish a trend. 

In Table 6 the same nitrogen components in frenched and normal tobacco 
plants are compared. This table in most respects resembles Tables 4 and 5 
with the frenched tissues showing similar abnormalities to those found 
in plants treated with maleic hydrazide. The frenched sample contained 


pe 
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Table 6. Nitrogen components in young tissues of frenched and normal plants. 
Per cent of dry weight. 
EE er WET TE 


Nitrogen Component Normal Frenched 
RCA MONA Ns cb 0.023 0.097 
Breeselutamine AIN... ere 0.015 0.064 
ÉRECRAS PARA BINE MARMITE NE een 0.031 0.063 
ITR: ÉRNNON me ee SE ee 0.308 0.492 
PÉTER sea sare tosononedascgasin 0.186 0.147 
PROC RENE Een eee ten aa eee Ae a ee 3.684 3.065 
otalsofuorcomponentst tm mil em 4.246 3.927 
Ho raleNebywanalysiseasc. ote eet aren nassen seengaee 5.18 5.99 
Balance of Naundetermined.......... | 0.93 2.06 


four times as much free ammonia, four times as much glutamine, twice 
as much asparagine and sixty per cent more free amino nitrogen than the 
normal sample. Peptide nitrogen was somewhat more abundant in the 
normal sample. Nitrate nitrogen was not determined because of a shortage 
of material. There was about twenty per cent more protein in the normal 
than in the frenched sample. Again this more than compensated for the 
excesses in the other components found in the frenched sample. Whereas 
the plants treated with maleic hydrazide contained less total nitrogen than 
the normal plants, the reverse was true in the comparison with frenched 
plants. This leaves a large amount of undetermined nitrogen in the frenched 
sample. 

The relative amounts of the free amino acids in representative samples 
are shown in Table 7. Of the fourteen ninhydrinreacting spots the identifica- 
tion of two compounds is questionable. The identity of the spot which occurs 
above aspartic acid after the collidine-lutidine run is dubious. It travels in 
a manner similar to cysteic acid, except that its mobility in the second solvent 
is slightly greater than that of standard preparations of the compound. In 
addition the spot identified as lysine does not always ravel the same distance 
in the phenol solvent making its identity questionable. 

The values shown were obtained by comparing the electrophotometer 
density readings of all spots identified with that of isoleucine, which was 

weakest spot identifiable. The relative differences between the maleic 
lrazide sample and the control sample in regard to most of the amino acids 

s rather constant. The treated sample contained from one and one-half 

two times as much of each amino acid as the control except for leucine 

d isoleucine. This relationship was also true for the comparison of frenched 

id normal samples. Most of the free amino acid nitrogen identified in all 

imples was present as alanine and y-aminobutyric acid. However, the 
icreases in the treated and frenched samples over the normal samples 
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Table 7. Relative amounts of free amino acids. 


À 


Relative amounts of ninhydrin-reacting spots 
Amino Acid comparing of isoleucine 
Control No. 9|M. H. No. 10 Normal Frenched 

INS ORIN? ACIER ee 2.9 4.4 2.0 2.4 
Unknown (above aspartic acid)... 2.0 3.9 2.0 3.4 
Glutamic tacidy rent. tierce 7.5 12.5 8.4 13.0 
Sen cea enor eee 9.5 14.2 9.3 14.9 
INS DALAB ING MSc Peter. 10.2 25.5 4.1 10.3 
GNOME RE ER er career ere 95 14.5 14.1 31.1 
Glutamine re 24.1 118.0 6.8 29.2 
WAT AMIN ER nee ne Dean tence Re 29.4 52.2 30.9 61.2 
Gamma-aminobutyric acid ......... 32.2 58.1 28.1 56.5 
Wallner Tee seri canicaeunareceacs 4.6 7.5 3.3 8.4 
BLONRE ESS PRE MAttce 1.7 3.6 2.4 2.7 
MEUCINE LT. -n rose Gr ce near rest 1:2 5.1 1.0 2.9 
ISDIeUCINE See ee ee 1.0 2.7 1,1. 5.0 
TEV SING \(2)) err tae. othe Mou mean ae te 1.9 3.3 1.0 1.5 


were of the same order of magnitude as most of the less abundant amino 
acids. 

Upon examination of the chromatograms the spot showing the most 
striking difference, except for glutamine which was to be expected, was that 
containing the leucines. The table shows that nearly a fourfold excess of 
this spot was present in the treated and frenched samples as compared 
to the normal samples. However, separation of the two components of this 
spot showed a difference. In the maleic hydrazide sample leucine was more 
than four times as abundant and isoleucine a little less than three times as 
abundant as in the control sample. On the other hand in the frenched sample 
this relationship was reversed, as more than four times as much isoleucine 
and three times as much leucine were contained as in the normal sample. 
Glycine and valine also showed rather large excesses in the frenched sample 
as did proline in the maleic hydrazide sample. 


Discussion 


Frenching and pseudo-frenching symptoms may be traced to an interfer- 
ence with normal mitotic patterns in the leaf. In tobacco the leaf lamina is 
initiated by the activity of a row of subepidermal cells on each side of the 
midrib primordium. All cells laid down by this marginal meristem are 
mesophyll mother cells which undergo subsequent divisions throughout the 
lamina for some time (Avery, 1933). Possibly this marginal meristematic 
activity is more easily inhibited by maleic hydrazide treatment than are 
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the earlier developing midrib meristematic cells; the result being the develop- 
ment of narrow leaves. 

Changes in the mineral content of the plants treated with maleic hydrazide 
and the frenched plants apparently are not responsible for the similar 
Symptoms, as no real similarities were found in these analyses. The greater 
calcium and lower phosphorus content of plants treated with maleic 
hydrazide possibly may be accounted for by a greater relative amount of 
cell wall material than is in normal plants. Perhaps the excess of manganese 
is correlated with the inhibition of respiration (Naylor and Davis, 1951) 
and respiratory enzymes (Isenberg et al, 1951). The only correlation with the 
treated samples that appears in the analysis of frenched plants is the small 
excess of calcium. 

The data show that carbohydrate metabolism was not normal in either 
the plants treated with maleic hydrazide or in the frenched plants. In the 
former reducing sugars accumulated, whereas in the latter reducing sugars 
were at a starvation level while non-reducing sugars accumulated. Since it 
is known that maleic hydrazide inhibits certain enzymes of the organic acid 
cycle (Isenberg et al, 1951) and also respiration (Naylor and Davis, 1951), 
it is possible that the use of carbohydrates as a respiratory substrate may 
be inhibited in both the treated and frenched plants. 

The evidence of abnormal nitrogen metabolism lends support to this 
suggestion. The lower protein content suggests that either protein synthesis 
is inhibited or protein is hydrolyzed under the conditions of maleic hydrazide 
inhibition and frenching. Some of the symptoms caused by maleic hydrazide 
in tobacco resemble those of starvation, which has been shown to cause similar 
increases in amino acids, glutamine, asparagine and ammonia (Wood et al). 
Since protein catabolism gives rise to amino acids, which may be converted 
to amides and ammonia, one may suspect the use of proteins as a respiratory 
substrate as a result of carbohydrate starvation induced by one or more 
blocked enzyme systems. 

Although the excesses of free amino acids in the treated and frenched 
plants appear to be no more significant than the excesses of the other 
reduced nitrogen components, the work of other investigators indicates that 
they may be of special importance. In plants displaying nutrient deficiencies 
Steinberg, Bowling and McMurtrey (1949) found the free amino acids to 
be consistently higher than in normal plants. In addition Steinberg (1946, 
1947a, 1950) found that isoleucine could cause frenching symptoms in 
Nicotiana tabacum and both isoleucine and leucine caused these symptoms 
in N. rustica. 

Since all of the free amino acids that were identified were more abundant 
in the treated and frenched plants it is possible to speculate that any one or 


826 E. L. PETERSEN AND A. W. NAYLOR 


combination of two or more may have an effect upon the plants’ morphology. 
In this regard it is interesting to note that the chromatogram spot showing 
the greatest contrast between the abnormal and normal samples was that 
containing the leucines. Although separation of leucine and isoleucine showed 
leucine to be in greater excess in the treated sample than isoleucine and 
the reverse to be true in the frenched samples, the results do correlate with 
Steinberg’s findings. The excess of isoleucine may be sufficient in both ab- 
normalities to produce the symptoms, or it may be that leucine exerts such 
an effect. 

Actually none of the present data offers any evidence regarding the role 
of any single amino acid or any combination of them in the development 
of the symptoms found. Similarly it cannot be said that free ammonia, 
asparagine, glutamine or any other component is a primary, secondary or 
more distant cause of the symtoms. However, the data all show that a correla- 
tion does exist between the symptoms and an upset in carbohydrate meta- 
bolism along with excesses of the reduced forms of nitrogen and less protein. 
This suggests an alternative to the supposition that the interference with 
normal mitotic activities is produced directly by maleic hydrazide and by 
some frenching factor. This alternative possibility is that the quantity of 
some biochemical component is so changed that mitosis is abnormal. 


Summary 


When tobacco plants which have been treated with maleic hydrazide 
partially overcome the induced inhibition new growth is abnormal. Leaves 
develop symptoms characteristic of those present on frenched tobacco plants. 
Analyses of these very young leaves showed some similar and some dissimilar 
biochemical upsets in the new growth under the two conditions. 

1. High calcium and manganese and low phosphorus characterized leaves 
from plants treated with maleic hydrazide, whereas high potassium was the 
outstanding mineral element abnormality in frenched plants. 

2. Treated plants contained larger amounts of reducing sugars than 
normal plants, whereas high non-reducing sugars and low reducing sugars 
were found in frenched plants. 

3. Similarities were found in the amounts of nitrogen components, In both 
treated and frenched plants these reduced soluble forms were in excess: 
free ammonia, glutamine, asparagine and free amino acids. Protein content 
was considerably less than in normal plant samples. 

4, All of the individual amino acids determined were more abundant in 
the treated and frenched plants. Alanine and y-aminobutyric acid were most 
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abundant; however, leucine and isoleucine showed the greatest increases 
over normal plant contents. 

5. Isoleucine, which is capable of inducing frenching-like symptoms, 
showed a greater relative increase over normal in the frenched sample, 
whereas leucine predominated in the treated sample. 

6. It is suggested that in both abnormalities a block in normal carbohydrate 
metabolism exists which either induces protein use as a respiratory substrate 
or else inhibits protein formation. 

7. The possibility is suggested that maleic hydrazide and the frenching 
factor may exert their effect on mitosis by altering the amounts of one 
or more of the biochemical components determined. 
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In an approach to the problem of nuclear and plasmatic inheritance the 
present authors studied the variation in enzymatic activity towards repreci- 
pitated cellulose — called »cellulolytic» activity —- of wildtype strains, mutant 
strains, and neohaplonts of Collybia velutipes (Aschan and Norkrans 1953). 
The experiments revealed a great variation in the degree of cellulolytic 
activity although all wildtype strains, except one, (269 tested) and most 
morphological mutants (55 tested) proved capable of producing cellulolytic 
mycelia under the conditions used. All test mycelia were cultivated on a 
cellulose agar medium with additions of small amounts of »start-glucose» 
and yeast extract. Under these conditions, however, a large number of 
negative strains was to be found within the group of biochemical mutants 
(in all ten amino acid, purine or pyrimidine deficient mutants tested). The 
fact that these mutants demand special essential metabolites led the writers 
to suspect that some deficiency in the substrate used could be responsible for 
their inability to carry out the synthesis of cellulolytic enzymes. In the 
experiments described below a number of strains, some wildtypes and 
morphological mutants, as well as all our biochemical mutants, were cul- 
tivated on »richer» media (cf. p. 830) and tested again for cellulolytic activity 
in order to find out a) if positive strains were able to increase in activity 
and b) whether or not the seemingly negative strains really were so even 
under these new conditions. 
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Since the cellulose splitting enzymes of Collybia velutipes as in the case 
of other hymenomycetes (cf. Norkrans 1950) are probably adaptive by 
nature, or using the newest term formed in »induced synthesis» (cf. Monod 
and Cohn 1952), there may be another feasible method of forcing the strains 
to the production of cellulolytic enzymes, viz. by depriving them of every 
other carbon source than the cellulose in the culture medium — the Collybia 
strain has to »assimilate or die». 


Material and Method 


All strains of Collybia velutipes (Curt. ex Fr.) Quél.‘including wildtypes and mutants, 
morphological as well as biochemical, which have been used in the present investiga- 
tion were described in the previous works (Aschan 1952, Aschan and Norkrans 1953). 
All details concerning the test method of cellulolytic activity activity against 
reprecipitated cellulose — based on the agar-plate diffusion technique were given 
in the latter of the two above mentioned papers. The cellulolytic activity was 
expressed in terms of (d,—d,) values in mm., even called A diameter, where d, 
is the diameter of the diffusion zone around the test plug plus the test plug, and 
d, the diameter of the test plug itself (=11 mm.). 

In the above mentioned study only one nutrient agar (called I) was used for 
the test organisms. It had the following composition: cellulose (Swedish filter 
paper, Munktell No. 3 macerated by a »Turmix»-blendor and washed by shaking 
in distilled water) 5.0 g., glucose 0.75 g., NH,-tartrate 5.0 g., KH,PH, 1.0 g., 
MgSO, -7H,O 0.5 g., ferricitrate (dissolved in citric acid) 5.0 mg., ZnSO, : 7H,0 
4.4 mg., MnSO, : 4H,0 5.0 mg., CaCl, 55.5 mg., yeast extract (dehydrated Difco) 
250 mg., agar-agar 15 g., and distilled water 1000 ml. 

In the present investigation the following modifications of this agar medium 
were used: 

In agar No. Ia the addition of yeast extract was increased to 2.5 g. 

In agar No. II the glucose was omitted and the ammonium tartrate replaced by 
mono- and dihydrogen ammonium phosphates, 0.1, 0.9 g., respectively, giving the 
same pH as ammonium tartrate. 

In some cases, viz. in the testing of biochemical mutants, where specific essential 
metabolites are required, these substances were added, the yeast extract being 
omitted. Adenineless mutants were cultivated on agar containing adenine, methio- 
nineless on agar containing methionine etc. in amounts of 1 or 100 umol per 10 ml. 
The media were called IIIa and IIIb, respectively. In a few cases, 1 umol of the 
respective substances was added in the same way to agar I (with yeast extract), 
this agar being called Ib. 


Experiments and Results 


The influence of incubation time on the test mycelium. In repeated tests 
some morphological and biochemical mutant strains never gave a positive 
enzymatic reaction on agar I with 12 days old mycelia. Since it seemed 
possible that, besides the composition of the agar medium, a very slow 
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growth rate might account for the non-appearance of the reaction, even 
30 days old mycelia were tested. The results given in Table 1 also include 
some mutants of 12 days old mycelia, giving slightly positive reactions, as 
well as two of the wildtypes, from which most of the mutants have been 
derived, showing stronger positive reaction. Here it is obvious that eight of 
the ten totally or almost totally negative mutants remained negative even 
after 30 days, whereas the other two, both biochemical mutants (F 34/110, 
F 36/198) showed a slightly positive reaction. 


The influence of different media on the test mycelium. Strains reacting 
more or less positively or negatively on agar I have been cultivated on 
different media. The principal features of the enzyme reactions for such 
strains of wildtypes, as well as morphological, and biochemical mutants 
are as follows: 


Wildtypes. Figure 1a gives the result of testing wildtypes strains 
cultivated on the standard agar I, I a, and II. It is obvious that the wildtype 
strains giving a strongly positive reaction (A diam. 2.5 mm. or more) on 
agar I, generally differed only slightly after cultivation on agar Ia. L 11, 
however, increased in A diameter from 4 to 6 mm. The same applies to the 
reactions of agar II-mycelia as compared with mycelia of agar I, with 
exceptions of A 11 and O 2 which decreased in the active diameter from 
5 to 3 mm. and from 5 to 2 mm., respectively. 


Concerning strain E 1, reacting slightly positive on agar I, an increase 
in the amount of yeast extract in the medium rendered a more positive 
reaction. This same result was obtained by the removal of glucose from 
the medium. 


Table 1. Cellulolytic activity of wildtypes, morphological and biochemical mutants, after 
an incubation time of 12 and 30 days, respectively. 


Incub. time |(d«—do)mm.| Incub. time (dx—do) mm.) Incub. time |(dx—do) mm. 
in days > 12 30 in days > 12 30 in days > 12 | 30 
Morphological Biochemical | 
Wildtypes: mutants: mutants: 
el 2.5 2.0 | F 22/11 = — |F 8/86 1.5 1.5 
L-7 3.0 2.5 | F 29/30 1.5 1.5 | F 28/42 — — 
(ile CL 7) 2.5 2.0 | F 29/173 2.5 2.0 | F 29/157 — — 
F 31/19 2.5 2.0 | F 31/40 — _ 
F 31/230 = —1 | F 31/170 1.5 1.5 
F 36/242 — -- F 34/107 _— — 
F 37/377 1.5 1.5 | F 34/110 + 1.5 
F 36/198 — 1.5 
F 36/257 — — 
F 38/46 0.5 .0 


1 Incubation time: 20 days. 
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Figure la and 1b. The cellulolytic activity after 72 hours of wildtype strains and 
morphological mutants, respectively, on different agar media. Incubation time for the 
mycelia 12 days. 


Morphological mutants. The morphological mutants, F 29/173, 
F 31/18, and F 31/124 strongly positive on agar I, behave in a manner 
similar to that of the corresponding wildtypes (see Figure 1b). F 29/173, 
however, is a very interesting exception concerning the Ia agar mycelia 
reacting quite negatively. The large amount of yeast extract in that case 
may act as an inhibitor or may — besides the glucose — provide a sufficiently 
easily accessible carbon source to allow the strain to leave the cellulose 
unattacked; the result being a negative reaction of cellulose splitting enzymes. 
When given only the small amount of yeast extract or no glucose, the 
mycelia were forced to produce cellulolytic enzymes, A diameters being 
3.5 and 5 mm., respectively. 

Among the less positive morphological mutants, F 37/377 showed a very 
marked increase in its positive reaction when agar Ia was used instead 
of I. Thus the (d,—d,) values increased from 1.5 mm. to 5 mm. 

In the group of morphological mutants, classified as negative after several 
repeated tests on agar I, the plain cellulose substrate evidently rendered the 
formation of cellulose splitting enzymes possible in only one mutant, namely 
F 31/230, resulting in an active diameter of 4 mm. 

Changes in the environment, however, did not influence the other two, 
F 36/242 and F 38/211, which stili remained negative on agar Ia as well 
as on agar II. The explanation to the negative reaction of their mycelia 
existing in a thin mat on agar II may be found either in the fact that the 
yeast extract has served as a carbon source or that any possible cellulose 
breakdown has been too weak to give positive reactions with the test 
method used (cf. strain F 34/107 page 835). 


LS. 
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Figure 2. The cellulolytic activity after 72 hours of biochemical mutants on different 
agar media. Incubation time for the mycelia 12 days. 


Biochemical mutants. (See Figure 2.) The four simple mutants, 
more or less active on the standard agar I representing two methionineless, 
(F 8/86, F 38/46), one adenineless, (F 31/170 vit.) and one cytidineless 
(F 34/110) increased their positive reactions enormously on agar Ia. In 
the case of F 34/110 an increase in active diameter from about 0.1 to 5 mm. 
was observed. Additions of 1 umol (medium Ill a) or 100 umol (medium III b) 
also produced highly active mycelia, which showed their greatest cellulolytic 
activity in medium III a, with the exception of F 31/170 vit. where the 
A diameter of the IIIa mycelia was 2 mm., and that of IIIb 4 mm. — 
The adenineless strain F 31/170 has given rise to two morphologically 
different types: one vital with aerial mycelia (called vit.) and one degenerated 
without aerial hyphae (called deg.) but still adenine requiring, deviating 
from the vital in its negative reactions on all agar media. — The II agar 
values were about the same as the highest of the values obtained from the 
two III agar media. 

The five remaining simple mutants, arginineless (F 28/42, F 29/157), 
uridineless (F 36/198, F 36/257) and methionineless (F 34/107) reacting 
negatively on the standard agar, showed otherwise, with a few exceptions, 
about the same reaction pattern. 


Discussion 


Starting with the conception of competitive interactions between enzyme- 
forming systems for commonly required nitrogenous compounds (Monod 
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1942, Spiegelman and Dunn 1947) sharpened by investigations of induced 
synthesis of enzymes in amino acid deficient mutants of Escherichia coli 
(Monod, Pappenheimer, and Cohen-Bazire 1952) and amino acid-, purine- or 
pyrimidineless mutants of Aerobacter aerogenes (Ushiba and Magasanik 
1952) showing competition for the free amino acid pool (cf. Spiegelman and 
Halvorsen 1953), our results may be interpreted as follows: 

Since mycelia from all the biochemical mutants, except the degenerated 
F 31/170, showed a strongly positive reaction when cultivated on the rich 
yeast extract medium the negative or slightly positive reactions of mutants 
cultured on agar I may be ascribed to a deficiency in the substrate I arising 
during the experiment and not to an absolute inability of forming cellulose 
splitting enzymes. Of course, the same explanation may apply to the differ- 
ences between mycelia from the standard agar I, and those from the agars 
containing additions of required amino acids, purines, or pyrimidines (II a, 
IIIb, and Ib). 

The strong, positive reaction on agar II shown by strains reacting negatively 
on standard agar I cannot be explained as being directly due to a more 
favourable composition of agar Il, i.e. as regards the mutants’ special 
demands for essential metabolites. Both agars contain initially the same 
amount of the limiting nitrogenous metabolites, i.e. 0.25 g. yeast extract 
per litre. The difference may be due to the presence or absence of glucose. 
When both the substrates cellulose and glucose are present, as in agar I, 
the systems forming glucose splitting and cellulose splitting enzymes may 
compete for the available limiting nitrogenous compounds, competition being 
decided in favour of the former. This results in a lack of external metabolites 
required, prior to, or at the very beginning of, the cellulolytic process. 
Consequently, mycelia from the standard agar give a negative or only slightly 
positive reaction. On the other hand, positive reactions can be obtained in 
agar II, since, in the absence of glucose, the essential metabolites required 
are externally available for the formation of cellulose splitting enzymes. The 
positive differences existing in enzyme activity between mycelia from the 
agar media HI a, HI b on one hand, and the more active mycelia from the 
rich yeast extract medium on the other hand, may depend upon the fact 
thal yeast extract contains, in addition to the specifique metabolites required, 
a more or less complete series of essential metabolites which may facilitate 
the enzyme protein production. 

Judging from the results obtained, it may be suggested that lack of arginine 
(F 28/42, F 29/157) and uracil or cytidine (F 36/198, F 36/257, and F 34/110) 
may interfere to a higher degree with the induced enzyme synthesis than 
lack of adenine (F 31/170) or methionine (F 8/86, F 38/46). 

It would seem as if F 34/107 in earlier papers marked »methionineless» 
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constitutes an exception by reacting negatively on agar I (as well as on 
agar IJ, cf. p. 833). This strain, however, deviates even biochemically, being 
able to grow with other sulfur-containing amino acids such as homocysteine 
or cysteine. A fact not mentioned in the earlier papers since it has only 
recently been revealed. 

The fact, however, that the 12 days old mycelia of the uridineless strain 
F 36/198 reacted negatively, contrary to the 30 days old (see Table 1) makes 
it necessary to take into account that in the case of a very slow growing 
strain a negative reaction on agar I might be caused by the consumption 
of the »start-glucose» being incomplete or just completed and not by a lack 
of limiting nitrogenous metabolites. 

Among the biochemical mutants the degenerated form of F 31/170 seems 
to be the only negative strain, i.e. giving negative reactions with this test 
method on all media tested after an incubation period of 12 days. As men- 
tioned above this strain is still adenine requiring but deviates morphologically 
from the original F 31/170 vit. It is among the morphological mutants we 
find the other two negative strains F 38/211 and F 36/242. It is as yet im- 
possible to decide if these strains really are inherently incapable of forming 
cellulolytic enzymes or if a more specific medium could supply their require- 
ments for this enzyme synthesis. This will be the purpose for further 
investigation. 


Summary 


1. The cellulolytic capacity of wildtypes and mutants (both morphological 
and biochemical) has been tested after cultivation on different nutrient media. 

2. All strains showing a strongly positive cellulolytic activity after cultiva- 
tion on a weak yeast-glucose-cellulose medium, I, hardly changed their 
cellulolytic activity (except for one morphological mutant F 29/173) when 
cultivated on a richer yeast extract medium, I a. On the glucosefree media, 
II, they showed about the same or a decreased reaction. 

3. All strains weakly positive on I changed their capacity in a positive 
direction after cultivation on the enriched media I a and — in the case of 
biochemical mutants also on III a, HI b, and Ib and also on the glucose- 
free medium II. 

4. All biochemical strains negative on I behaved in the same way as the 
weakly positive ones, except F 31/170 deg. which aside from its biochemical 
character of adenineless, also shows a deviating morphological character. 

5. All morphological strains negative on I, remained as the strongly 
morphologically deviating adenineless F 31/170, negative on all media, except 
F 31/230 which gave strong positive reaction on glucose-free medium. As 
yet it cannot be decided whether these negative strains are inherently 
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incapable of forming cellulose splitting enzymes or whether a change in 
environment could supply the necessary elements for their formation. 

6. The changes from negative to positive reaction connected with the 
enrichment of the substrate of certain limiting nitrogenous metabolites or 
with the removal of »start-glucose» has been discussed in the light of 
the competition between glucose and cellulose splitting enzymes for the 
limiting metabolites. 
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Introduction 


In a recent series of investigations (Olsen 1950) the rate of ion uptake by 
plants in water culture proved to be independent of the concentration of the 
ions in the nutrient solution except for that from the lowest concentration 
range, viz., below 0.003 millimoles per litre. In most of the experiments rye 
plants were used. Other plants such as barley, kitchen kale, and Ricinus com- 
munis, showed the same behavior as did rye. All the species mentioned are 
terrestrial plants, i.e. plants growing naturally in soil. In terrestrial plants the 
site of ion uptake is limited to the surface of the roots. Submerged aquatic 
plants as a rule have few roots, and quite a few species have no roots at all. Hence 
ion absorption must be effected by other organs. The surfaces of the leaves 
and stems have proved to be sites of ion uptake in aquatic plants. For this 
reason it was considered worth while to ascertain whether or not the uptake 
of ions by aquatic plants is governed by the same laws as those controlling 
the absorption by roots of terrestrial plants. 

In a paper that appeared slightly more than a year ago, Gessner and Kaukal 
(1952) have published experiments on phosphate absorption by aquatic 
plants. They have studied primarily Helodea densa. The reason why Gessner 
and Kaukal chose to study phosphate uptake was that, according to their 
opinion, active uptake can be excepted to occur only in the case of an ion 
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which normally is present only in a very low concentration in the substrate 
medium, and which at the same time is indispensable to the metabolism of 
the plant. My experiments do not support this viewpoint. For example, chlo- 
ride ion, which is not required by plants, is actively absorbed at a rate inde- 
pendent of the concentration of the solution. In this respect it does not differ 
from the nitrate ion. 

Gessner and Kaukal find that the rate of phosphate uptake by Helodea 
depends strictly on concentration. They do not throw doubt on my experi- 
mental findings, but they infer that active ion absorption independent of 
concentration is a special phenomenon limited to the roots of higher plants. 
According to these authors lower plants and the green parts of submerged 
phanerogamae do not possess this faculty; their rate of ion uptake is strictly 
dependent upon concentration. 

Further it will be seen from Gessner and Kaukal’s paper that they identify 
»active uptake» with »uptake independent of concentration». For this reason 
they regard ion uptake by Nitella as nonactive because Hoagland, Davis, and 
Hibbard (1928) found the rate of ion absorption by this alga to depend upon 
concentration. But Nitella was just the plant used by Hoagland and coworkers 
to demonstrate the fact that ion absorption is an active process. That active 
uptake is not necessarily identical with uptake independent of concentration 
may further be seen from the following consideration: Uptake of nitrate by 
rye is an active process independent of concentration as long as the latter 
exceeds 0.003 millimoles per litre. In the concentration range below 0.003 
millimoles per litre the rate depends upon concentration, but naturally the 
uptake is still an active process. 

Gessner and Kaukal themselves stress that their Helodea experiments have 
been carried out in solutions of very low concentrations. They have employed 
the concentrations 0.0150, 0.0060, 0.0030, 0.0015, 0.0004, and 0.0002 milli- 
moles PO, per litre. In my experiments with rye the rate of phosphate uptake 
was dependent on concentration when the latter was below 0.003 millimoles 
per litrea Gessner and Kaukal with Helodea find the rate to depend upon 
concentration even when the latter is five times as high. 


Experiments with Helodea canadensis 


Even before the appearance of Gessner and Kaukal’s paper I had conducted 
a few experiments with Helodea crispa. They showed that the plants absorbed 
the same quantity of phosphate per hour from a solution at a concentration 
of 0.09 millimoles PO, per litre as from a solution containing 0.018 millimoles 
per litre. 
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Figure 1. Nitrate absorption in Helodea canadensis. The nitrate concentration of the solu- 

tion at different times during the experimental period. The curve inserted in the upper 

right corner is a twofold enlargement of the lower part of the main curve. The pH of 
the solution was maintained at 4.8. 


After the appearance of Gessner and Kaukal’s paper I undertook experi- 
ments with aquatic plants on a larger scale. For these experiments Helodea 
canadensis was used because it proved well suited for the experiments. It 
must be admitted that Helodea does not absorb large quantities of ions per 
hour. One can, however, compensate for this to a certain extent by placing 
a large mass of plants in a comparatively small volume of solution. Another 
drawback is that one cannot carry on experiments with the same sample of 
plants for several days because the plants soon become saturated, after which 
they absorb no more ions. The plants, however, are available in large quan- 
tities so that one can weigh out equal samples of uniform material. The 
findings with such samples are directly comparable. 

The plant material was collected from two different localities in Northern 
Zealand (Denmark). Plants from a spot near Lake Fures@ could not be used 
for experiments on nitrate uptake since they proved to contain copious 
amounts of nitrate in their leaves and stems. In their natural place of growth 
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the plants had absorbed so much nitrate that they were unwilling to absorb 
more. On the other hand these plants immediately took up phosphate. In 
contrast, plants from a pond near Stredam contained no nitrate and readily 
took up nitrate. 

Uptake of phosphate as well as of nitrate was studied. In either case 140 g. 
plant material was placed in two litres of nutrient solution. During the 
experiment the plants were illuminated, and a vigorous air current was pas- 
sed through the solution. 

In the experiments on nitrate uptake, two equal plant samples were placed, 
one in a solution containing 0.075 millimoles NO, per litre, the other in a 
solution containing 0.02 millimoles NO, per litre. Calcium nitrate was used, 
and the pH was maintained at 4.8 during the experiment. 

The experimental results have been combined into a single curve shown in 
figure 1. It represents the nitrate concentration of the solution at various 
times during an experiment. The dotted line represents a concentration range 
in which no determinations have been made. The curve inserted in the upper 
right corner is a twice enlarged reproduction of the lower part of the main 
curve. It will be seen that the curve is a straight line from the concentration 
of 0.075 down to 0.003 millimoles per litre. In solutions of concentration 
exceeding 0.003 millimoles per litre the rate of absorption then is independent 
of concentration, but in solutions of concentrations below this value the rate 
of uptake depends upon concentration. In other words, the plants behave 
exactly like rye. 

The experiments on phosphate uptake were carried out in a quite analogous 
fashion, again using two equal samples of the plants. One sample was pla- 
ced in a solution containing 0.087 millimoles PO, per litre, the other in a 
solution containing 0.015 millimoles per litre. Potassium phosphate was used, 
and the pH was kept at 4.8. 

The results obtained are represented in figure 2, which is analogous to 
figure 1. It will be seen that also here the curve is a straight line between 
the concentrations of 0.087 and 0.003 millimoles PO, per litre. In solutions 
of concentrations below the latter value the rate depends upon concentration. 

In a single experiment on phosphate uptake by Helodea the potassium phos- 
phate concentration was five times the highest one shown in the curve. In 
this experiment about 0.005 millimoles PO, per litre was taken up per hour. 
This agrees with the rate of uptake illustrated by the curve. The experimental 
period was five hours, and of the 0.44 millimoles PO, per 1. originally present, 
0.025 millimoles per 1. or 6 per cent was taken up. This difference is close 
to the limit of what can be determined with sufficient accuracy. Hence it 


will be practically impossible to test the rate of uptake at still higher con- 
centrations, 


CONCENTRATION AND RATE OF ION ABSORPTION II 841 


0.01 


O 
o 
Q 
ce} 


fe) 
8 


= 
Ss 
I 
2 
° 
7) 
e 
5 
= 
3 
© 
= 
3° 
o 
c 
= 
= 
2 
a 
+ 
© 
a 
© 
€ 
E 


4 hours 


O 
° 


m.mol PO, per litre of culture solution 


5 10 15 hou 20 


Figure 2. Phosphate absorption in Helodea canadensis. The phosphaie concentration of the 

solution at different times during the experimental period. The curve inserted in the upper 

right corner is a 3 fold enlargement of the lower part of the main curve. The pH of 
the solution was maintained at 4.8. 


As mentioned before, the experiments on phosphate uptake illustrated in 
figure 2 were carried out in a solution at pH 4.8. This pH was maintained in 
order to make certain that only primary phosphate was present. It will be 
remembered that the curve departed from the straight line at a concentration 
of 0.003 millimoles per litre. 

Figure 3 shows that if the experiment is carried out in a solution of pH 
8.0 another result is obtained. The point of departure from linearity has 
shifted now to as high a concentration as 0.063 millimoles per litre. The 
explanation of this behavior lies in the fact that at pH 8.0 only about ?/,, 
of the phosphate is in the form of primary phosphate; the remaining is 
secondary phosphate. The value 0.06 millimoles per litre on the ordinate 
axis of figure 3 represents the total concentration of phosphate. The con- 
centration of primary phosphate is about !/,, of the latter, i.e., 0.003 milli- 
moles per litre. This is the reason why uptake of the primary phosphate ion 
becomes dependent upon concentration already at a total phosphate concen- 
tration of 0.06 millimoles per litre. Also between pH 7 and 8, the point of 
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Figure 3. Phosphate absorption in Helodea cana- 
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departure of the curve from a straight line will lie above 0.003 millimoles 
per litre. 

From figure 3 it can be inferred that if the secondary phosphate ion is 
at all taken up by the plants, it is done so much more slowly than is the 
primary phosphate ion. 

A special experiment showed that in a solution of pH 4.8 phosphate was 
absorbed four to five times as rapidly as in a solution of pH 9.3, which of 
course contains the secondary phosphate ion only. Hence both ions are taken 
up by the plants, the primary one four to five times as rapidly as the secon- 
dary one (Olsen 1953). 

For the Helodea experiment illustrated in figure 3, a solution free of bi- 
carbonate was used, since bicarbonate ions have proved to inhibit uptake 
of phosphate ions (by antagonism, Olsen 1953). 

If, in experiments on phosphate uptake by plants, solutions at pH values 
around 8 are used, one finds, then, that the rate of absorption of phosphate 
is dependent upon concentration up to a concentration of 0.06 millimoles 
per litre. This constitutes a seeming deviation from the rule laid down pre- 
viously. 

In their paper Gessner and Kaukal have not stated the pH of their solutions. 
Probably they have not fully realized the importance of the pH value. If 
their solutions have had pH values around 8, this constitutes a satisfactory 
explanation of their experimental data. When aquatic plants are placed in 
ordinary unbuffered solutions, the pH usually arrives at a value of around 
8 rather soon, because during photosynthesis the plants remove carbon 
dioxide and bicarbonate ions from the solution causing the pH value to rise. 
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Summary 


The rate of ion uptake by Helodea has proved to be independent of the con- 
centration in the nutrient solution of the ions in question except in the lowest 
concentration range, viz., that below 0.003 millimoles per litre. Thus green 
leaves and stems of aquatic plants obey the same rule as do roots of higher 
plants. 

The rate of uptake of primary phosphate ion is four to five times as 
great as that of secondary phosphate ion. 
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In a previous paper (C. Olsen, 1950) studies were reported showing that the 
rate of ion uptake by plants in water culture is independent of the concentra- 
tion of the ions in the nutrient solution except in the lowest concentration 
range, viz., that below 0.003 millimoles per litre. If rye plants are placed in 
a solution containing 15 millimoles NO, per litre they will in the course of 
a certain period of time deplete the solution of this ion. A curve representing 
the nitrate concentration of the nutrient solution as a function of time will 
therefore be a straight line between the concentrations of 15 and 0.003 milli- 
moles per litre (l.c., figure 1). At concentrations below 0.003 millimoles per 
litre the line curves, since in this range the rate of absorption decreases with 
decreasing concentration of the solution. 

The fact that — apart from the lowest concentration range — the rate of 
absorption proves to be independent of the ion concentration, may be explai- 
ned by the fact that the ion uptake is an active process, i.e., a process 
requiring energy. If ion absorption were a passive process it would be depen- 
dent upon concentration. 

Nearly all previous invesligators dealing with this subject, however, have 
arrived at the opposite conclusion. They have found that the rate of uptake 
of a given ion increases with increasing concentration of the ion in question. 
One of the main reasons for this discrepancy is that these investigators have 
not provided for stirring of their solutions. In my procedure a current of air 
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— nearly one litre per minute — is pumped through the solution causing 
vigorous stirring. If, on the other hand, the solutions are left undisturbed, the 
plants at first absorb ions from the parts of the solution in the immediate 
vicinity of the roots. This gives rise to considerable concentration gradients 
in which ions are transported to the roots mainly by diffusion, which is 
known to be a slow process. The greater the difference in concentration, the 
more rapid will be the flow of diffusing ions. Hence plants in stationary solu- 
tions will be able to absorb greater quantities of ions from more highly 
concentrated solutions than from such of lower concentration. 


The Significance of Stirring 


For the above reasons, stirring has a great influence upon the experimental 
results. Consequently the significance of stirring has been subjected to a spe- 
cial investigation. The rate of absorption of nitrate has been determined at 
a series of concentrations in aerated and unaerated solution. Four rye plants 
were placed in a solution containing nitrate, and the rate of uptake of nitrate 
was determined during an aeration period of two hours. Immediately after, 
the rate of uptake by the same plants in an unaerated solution was deter- 
mined. These experiments showed that the rate of absorption from an un- 
aerated solution was always considerably lower than that from an aerated 
solution. The rate of absorption from an aerated soiution moreover was inde- 
pendent of concentration and accurately reproducible. This was not true of 
the unaerated solutions. 

There were several causes of the less good reproducibility in the latter 
solutions. For example, accidental vibrations of the table supporting the 
cultures caused som stirring with a resulting decrease in concentration dif- 
ferences within the solution. In the first experiments aeration of the cultures 
that were not to be aerated was stopped, but the air pump still was going 
because there were other cultures that had to be aerated. But the pump cau- 
sed vibrations in the table so it proved necessary to stop the pump when 
experiments in unaerated solution were made. The difference between the 
rates of absorption from aerated and unareated solutions was greater when 
the unaerated cultures were left absolutely quiet. 

A second reason for the poor reproducibility in the unaerated solutions 
lies in the fact that the pH of the solution does not remain constant. This is 
partly because the cations and anions of the salt are not always taken up in 
equivalent amounts, and partly because of the excretion of carbon dioxide 
from the roots. These pH changes make themselves feit first in the immediate 
vicinity of the roots where they give rise to a poorly defined pH value which 
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Figure 1. The curve shows the ratio of the rates of uptake in aerated to unaerated solutions 

of varying nitrate concentration. The rate of uptake in any unaerated culture is put equal 

to unity and indicated by the dotted line. The curve ordinate indicates the factor by which 
the absorption rate increases upon aeration. 


in turn may cause differences in rate of ion absorption. Naturally, adjust- 
ment of the pH cannot take place without a stirring of the solution. In order 
to avoid too great pH differences within the solution, the period without 
aeration was made as short as possible. 

The experimental results are shown in figure 1 where the ratio of the rate 
of absorption in an aerated solution to that in an unaerated one is plotted 
against the concentration of nitrate in the nutrient solution. In each case the 
rate of absorption in an unaerated culture has been put equal to unity and is 
indicated by the dotted line, while the curve ordinate indicates the factor 
by which the absorption rate increases upon aeration. 

It is seen that at concentrations around 8 millimoles per litre there is 
no difference between the rates of uptake in aerated and unaerated cultures. 
At a concentration of 3 millimoles per litre the absorption rate upon aeration 
increases to twice its value. At a concentration of 0.15 millimoles per litre 
the absorption rate increases fivefold, and at 0.015 millimoles per litre 
twentyfold. 

The figure clearly shows that if stirring of the nutrient solution is not 
provided the absorption rate will be found to depend upon the concentration 
of the solution. This is primarily true in the concentration range from zero 
to 0.5 millimoles per litre where the absorption rate will change considerably 
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when the concentration is varied. These findings afford a satisfactory ex- 
planation why most of the investigators that have previously studied the 
influence of concentration upon the rate of absorption of ions have found the 
uptake of ions to depend on the concentration of the solution. This applied, 
e.g., to the studies of Graëanin (1932). That certain other factors may also 
have come into play, such as neglect of ion antagonism and of pH influences, 
is shown in the following paper (Olsen 1953). 


Summary 


In solutions containing about 8 millimoles or more of nitrate per litre, 
stirring (by aeration) of the solution does not appreciably influence the iate 
of ion uptake by the plants. In solutions of concentrations less than 8 milli- 
moles per litre the absorption rate is considerably increased upon aeration, 
and the difference between the absorption rates in aerated and unaerated 
solutions is greater the lower the concentration. At a concentration of 0.015 
millimoles per litre the rate of uptake is increased twentyfold upon aeration. 
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Introduction 


In the literature there are a number of statements concerning the effect of 
pH on the rate of ion absorption by plants in water culture. Hoagland and 
Davis (1923, 1925) found that nitrate and chloride ions were taken up more 
rapidly from an acid (pH 5.0) than from an alkaline solution. Van den Honert 
(1937) found the same to be true in phosphate absorption. More recent 
authors have obtained similar results with various anions. All these studies 
concordantly showed the rates of absorption of most anions to decrease con-. 
siderably with increasing pH values of the solutions. 

As for cations, fewer studies are available. Hoagland and Davis (1925) state 
that cations behave in the opposite way, i.e., the rate of cation uptake in- 
creases with increasing pH value of the solution. More recent studies of ab- 
sorption of ammonium ions (Naftel, 1931) and potassium ions (Steward, 
1937) confirm this rule. Jacques and Osterhout (1935) further state that the 
rate of absorption of potassium is independent of the pH of the solution 
in the range from 6 to 8. 

However, Hoagland and Broyer (1940) have published experimental fin- 
dings in discord with those of the authors mentioned. In their paper there is 
a figure with three curves showing the rates of uptake of potassium, nitrate, 
and bromide, respectively, in solutions of pH values covering the range from 
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4 to 8. In the case of each of the three ions the curve shows essentially the 
same rate of absorption over the whole range. The experiments were perfor- 
med with excised barley roots in solutions containing phosphate buffer. The 
concentrations of potassium nitrate and potassium bromide were 0.05 molar 
each, On these experiments Hoagland and Broyer make the following com- 
ments: Studies have been made, it is true, on plants, including some carried 
out in this laboratory at an earlier period, which indicated that anion 
absorption may be accelerated by lowering the pH of the medium and cation 
absorption by increasing the pH. There is no reason to doubt the validity of 
the observations for the conditions under which the plants were studied, 
but we can now recognize more clearly the complexity of the factors involved 
and the difficulty of interpretation in terms of simple hydrogen or hydroxyl 
ion effects. 

However, the two authors make no attempt to explain the fact that they 
now find the rate of absorption to be independent of pH, in contrast to the 
earlier experiments. 

An important difference between the early experiments and those of Hoag- 
land and Broyer from 1940 lies in the fact that the latter were carried out in 
comparatively concentrated solutions while undoubtedly all of the early 
experiments were done in very dilute solutions. This may influence the ex- 
perimental results. 

One of the objectives of the experiments described in the following has 
been to find the cause of discrepancy in the results hitherto published. 


Experiments on Rate of Ion Uptake in Solutions of Different 
pH Values 


The experiments comprised absorption of potassium, nitrate, phosphate, 
and chloride ions. T hey were all of short duration. Four vigorous rye plants 
were placed for one or two hours in five litres of a solution at a given pH 
value. The difference between the initial and final concentrations in the 
solution was determined. The same plants were transferred to a solution at 
another pH value etc. The duration of an experiment had to be brief because 
it is impossible to keep the pH constant over a prolonged period. The con- 
centrations of the ions in question had to be low in order to produce signi- 
ficant changes in concentration during the experiment. 

The pH values of the solutions were initially adjusted by addition of 
dilute sulfuric acid or sodium hydroxide. They were checked throughout 
each experimental period and, when required, kept constant by addition of 
very dilute acid or base. Especially, the maintenance of pH values between 
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Figure 1. Uptake of chloride from potassium chloride solutions (initial concentration: 

0.2 millimoles per litre) at different pH values. Four rye plants transferred to 5 liters 

of solution. The ordinate represents the quantity of Cl absorbed per hour from 1 litre 

of solution. The dotted line segment shows that in the pH range from 3 to 4 the rate 
of absorption decreases when the experiment is continued for another hour. 


7 and 8 requires frequent addition of base because the excretion of carbon 
dioxide by the roots causes the pH of the solution to decrease. 

In all of the experiments described in the following, solutions of a single 
salt were used. The salts employed were potassium sulfate, calcium nitrate, 
potassium phosphate, and calcium chloride. Some experiments with compo- 
site solutions were performed, none of the latter gave results in discord with 
those of the single salt experiments. 

The experimental findings are illustrated in figures 1—4. Not all of the 
experiments were carried out with the same individual plants. Every time 
new plants were taken, the optimum absorption, viz., that at pH 5.0, was 
determined. In the figures the latter has in every case been adjusted to the 
same value, and the absorptions from solutions of other pH values have been 
recalculated accordingly. 

In each of the four figures the solid line indicates the quantity absorbed 
per hour from 1 litre of solution. The uptake values of chloride, nitrate, and 
phosphate have their maxima and are constant throughout the pH range 
4.0 to 5.5, that of potassium from 5.0 to 8.0. 

The descending left branches of the chloride, nitrate, and phosphate 
curves show that the rates of uptake decrease below pH 4.0. The dotted lines 
show the quantities taken up during the second hour. Even in a solution at 
pH 2, rye absorbs nearly half the quantity of phosphate absorbed from a 
solution at pH 4.0 to 5.0. This, however, applies only to the first hour. In the 
second hour the rate of absorption has decreased to zero. This is due to 
damage of the plant or its mechanism of absorption by the high concentra- 
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Figure 2. Uptake of nitrate from calcium nitrate solutions (initial concentration: 0.3 milli- 
moles per litre) at different pH values. Four rye plants transferred to 5 litres of solution. 
The ordinate represents the quantity of NOs absorbed per hour from 1 litre of solution. 
The dotted line segment in the left part of the figure shows that in the pH range from 
3 to 4 the rate of absorption is diminished when the experiment is continued for another 
hour. The broken line in the right part of the figure shows the increased rate of absorption 
in the pH range 5.5 to 8.0 ensuing on fivefold increase of the nitrate concentration of 
the solution. The dot-and-dash curve at the top of the figure shows the rate of nitrate 
uptake by plants saturated with bicarbonate. 


tions of hydrogen ions. The dotted curves of figures 1, 2, and 3 show that 
damage occurs as soon as the pH value of the solution falls appreciably 
below 4.0. 

From the curve representing potassium uptake (figure 4) it is seen that the 
rate of absorption has decreased considerably already in the solution at 
pH 4.0. In the solution at pH 3.5 it further decreases greatly. The nitrate and 
phosphate curves (figures 2 and 3), however, suggest that a pH value of 4 
causes no damage. The decrease in rate of uptake then might be due to com- 
petition with another cation. The only other cation present in a potassium 
sulfate solution at pH 4 is the hydrogen ion. Actually the concentration of 
the latter is sufficiently high to enable it to compete with the potassium ion 
when the concentration of the latter is low. 

To ascertain whether or not competition occurs one may alter the ratio of 
the concentrations of the two ions. Since the pH value of 4.0 must be main- 
tained, only the potassium ion concentration can be changed. The broken 
line of figure 4 shows that if the potassium ion concentration is increased 
fivefold in solution of pH 4.0, the rate of uptake of potassium increases to 
practically the maximum value. This shows that the hydrogen ions do com- 
pete with the potassium ions. In solution of pH 3.5 a fivefold increase of the 
potassium ion concentration likewise causes an increased rate of absorption 
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Figure 3. Uptake of phosphate from potassium phosphate solutions (initial concentration: 
0.03 millimoles per litre) at different pH values. Four rye plants transferred to 5 litres 
of solution. The ordinate represents the quantity of POs absorbed per hour from 1 litre 
of solution. The dotted line segment in the left part of the figure shows that in the 
pH range from 2 to 4 the rate of uptake is diminished when the experiment is continued 
for an additional hour. The broken line in the right part of the figure shows the increased 
uptake in the pH range 5.5 to 8.0 ensuing upon fivefold increase vf the phosphate con- 
centration of the solution. The dot-and-dash curve at the top shows the rate of phosphate 
uptake by plants saturated with bicarbonate. 


of potassium. In this case, however, the rate is still considerably less than the 
maximum. One of the reasons for this is that in a solution of pH 3.5 the hydro- 
gen ion concentration is more than three times as high as that in a solution at 
pH 4.0. It would be necessary to increase the potassium ion concentration 
further three times in order to obtain the same ratio as in a solution at 
pH 4.0 with a five times increased potassium ion concentration. Besides, in 
a solution at pH 3.5 the hydrogen ion concentration presumably is already 
high enough to exert a damaging effect. 

From figures 1 to 3 it is seen that the chloride, nitrate, and phosphate 
curves show strongly decreasing rates of absorption with increasing values 
of pH in the range from 5.5 to 8.0. This apparently is not true of cations, 
since the potassium curve (fig. 4) obviously does not show a similar trend in 
this pH range. The general course of these curves agrees well with most of 
the findings mentioned in the introduction. 

Since only the uptake of anions is inhibited in the pH range 5.5 to 8.0 it 
is reasonable to assume that another anion is competing. The inhibition is 
observed in solutions of a single salt; consequently the inhibiting ion must 
be sought among such that have not been added intentionally. Furthermore 
it must be an anion the concentration of which increases with increasing 
pH values in the range from 5.5 to 8.0. It cannot be the hydroxyl ion, 
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Figure 4. Uptake of potassium from potassium sulfate solutions (initial concentration: 
0.4 millimoles per litre) at different pH values. Four rye plants transferred to 5 litres 
of solution. The ordinate represents the quantity of potassium absorbed per hour from 
1 litre of solution. The broken line segment shows the increased rate of potassium uptake 
ensuing upon fivefold increase of the potassium concentration of the solution. 


because the concentration of the latter is so extremely low in this pH range. 
The only other anion that can be considered is the bicarbonate ion. In solu- 
tions of pH 5.5 to 8.0 considerable quantities of bicarbonate are formed 
from the carbon dioxide excreted by the roots, and the proportion of bi- 
carbonate is greater the higher the pH. 

If vigorous rye plants are transferred to solutions of pH values 7.0 and 8.0, 
respectively, and if, as in the above experiments, the pH values are kept 
constant by addition of sodium hydroxide, the concentrations of bicarbo- 
nate in the solutions increase as shown in figure 5. After one hour the 
solution at pH 7.0 contains 0.14 millimoles bicarbonate per litre. The solution 
at pH 8.0 contains 0.36 millimoles per litre. Carbon dioxide excretion from the 
roots is the main source of bicarbonate. This is seen from the fact that it 
makes no difference whether ordinary air or air free from carbon dioxide 
is used for aeration. These analyses show that the solutions contain suffi- 
cient bicarbonate for competition with other anions in concentrations as low 
as in the absorption experiments. 

It has been mentioned that in the case of competition of two ions their 
respective rates of uptake are altered when the ratio of their concentrations 
is changed. The bicarbonate ion concentration cannot be controlled, but it is 
feasible to increase the concentration of the other ion, e.g., the nitrate ion. 
If the nitrate concentration is increased fivefold the rates of uptake of nitrate 
from solutions of pH 7.0 and 8.0 are very considerably increased. This is 
illustrated by the broken line of fig. 2. In solutions at pH 4.0 to 5.5 increase 
of concentration has no effect at all. 

This means that in solutions at pH values below 5.5 the rule previously 
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Figure 5. Experiments with rye plants transferred to nutrient solutions at pH values 7.0 

and 8.0. The pH of the solution was maintained constant by continual dropwise addition 

of sodium hydroxide solution. The curves show the rise in bicarbonate concentration 
during one hour. 


found (Olsen 1950) is valid: The rate of nitrate uptake is independent of the 
concentration of the solution as long as the latter exceeds 0.003 millimoles 
per litre. In solutions of pH values from 5.5 to 8.0, however, the rule 
seemingly does not apply. In this pH range the quantity of nitrate absorbed 
actually increases with increasing nitrate concentration in the solution up 
to a concentration of 1 millimole per litre. 

A fivefold increase of the concentration of phosphate has exactly the same 
effect (fig. 3). 

These experimental findings clearly show that in the pH range from 5.5 to 
8.0 there is competition with another anion. This ion can be none other 
than the bicarbonate ion. But it has been difficult to furnish a direct proof 
because it is impossible to prevent formation of bicarbonate. 


In more recent studies of this problem carbon dioxide-bicarbonate buffer 
was employed for the solutions at pH 6.0 to 8.0 in order to avoid the trouble- 
some addition of sodium or potassium hydroxide formerly used to maintain 
the pH values. This required comparatively high concentrations of bicarbo- 
nate in combination with the admixture of a suitable quantity of carbon 
dioxide to the air passed through the solutions. In view of the relatively 
high bicarbonate concentration an increased inhibition of nitrate and phos- 
phate absorption in solutions at pH 7.0 and 8.0 was anticipated. However, 
the experiment gave the surprising result that now there was no inhibition 
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Table 1. Experiments with Helodea canadensis. Uptake of nitrate expressed as micromoles 
NOs per litre taken up per hour from solutions at different pH values free of bicarbonate 
or with added bicarbonate. Seventy grams wet weight of plant material per litre solution. 


m]  ——— —  — —  ——— , | 
| 


mmol HCO, per litre pH 5.0 | pH 7.0 | pH 7.4 | pH 8.0 
0.00 10.0 | 92 | 9.8 | 10.2 
0.16 10.5 | 4.8 | 
0.50 | 2.1 | 


of nitrate uptake in the pH range from 5.5 to 8.0. This is shown by the dot- 
and-dash curve of figure 2. 

In the case of phosphate uptake, the use of bicarbonate buffer had a similar 
effect. The dot-and-dash curve of figure 3 shows that in the pH range 4.0 to 
7.0 the rate of uptake is constant. But in the range from 7.0 to 8.0 the rate 
of phosphate uptake decreases strongly. This is due to the fact that in this 
range an increase in pH causes such a marked shift in the ratio of the con- 
centrations of the two phosphate ions that the concentration of primary 
phosphate grows so small that its rate of absorption becomes dependent on 
concentration (Olsen 1953). At the start of the experiment the total phos- 
phate concentration was only 0.03 millimoles per litre. 

These experimental results seem to contradict the hypothesis that the 
previously observed inhibition of anion uptake in the pH range 5.5 to 8.0 
is due to bicarbonate. Contrary to expectation, addition of increased quan- 
titites of bicarbonate abolishes this inhibition. 

If, nevertheless, one maintains this hypothesis, there is only one possible 
explanation of the lastmentioned experiments. Before the experiments were 
commenced the plants had been kept in solutions containing bicarbonate. 
If they were saturated with bicarbonate they would not absorb more of it. 
And when bicarbonate ions are not absorbed they will not inhibit uptake 
of other anions. An analogous case has been observed earlier, but has not 
been published. In this case an attempt to demonstrate the inhibiting effect 
of calcium ions on the uptake of potassium was unsuccessful because the 
rye plants used were saturated with calcium and consequently did not 
absorb calcium. . 

That the inhibition of anion uptake in the pH range 5.5 to 8.0 is due to 
bicarbonate can be proved only if experiments can be carried out in bi- 
carbonate-free solutions of pH 6.0 to 8.0. In these solutions no inhibition 
should occur, but as soon as bicarbonate is added inhibition should set in. 
With rye plants, however, it is impossible to perform experiments in bicar- 
bonate-free solutions between pH 7.0 and 8.0 because the respiration of 
the roots cannot be prevented. But it is possible to do the experiment with 
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Table 2. Experiments with Helodea canadensis. Uptake of phosphate expressed as micro- 
moles POs per litre absorbed per hour from solutions of different pH, free of bicarbonate 
or with added bicarbonate. Seventy grams wet weight of plant material per litre solution. 


À 


| mmol HCO, per litre pH. 5.0 pH 7.0 | pH 8.0 | pH 9.3 
| 
0.00 7.4 7.9 | 2.1 | 1.7 
0.16 7.6 3.7 
0.50 1.5 | 


an aquatic plant like Helodea canadensis because owing to photosynthesis 
aquatic plants do not excrete carbon dioxide when they are illuminated. 
If Helodea plants are placed in a carbon dioxide-free solution at pH 7.0 or 
8.0 aerated with air free of carbon dioxide, and if they are illuminated with 
light of sufficient intensity, the solution will remain free of carbon dioxide. 
Such experiments with Helodea were performed in the following manner. 
At first the plants were placed in a solution at pH 5.0, and carbon dioxide- 
free air was passed through the solution for two hours to remove any carbon 
dioxide present. Afterwards the pH of the solution was brought to 7.0 or 
8.0 by dropwise addition of carbon dioxide-free sodium hydroxide solution. 
At the same time the anion under investigation (nitrate or phosphate) was 
added. 

The uptakes of nitrate and phosphate were studied in bicarbonate-free 
solution and in solutions containing 0.16 and 0.50 millimoles HCO, per 
litre, respectively. Seventy g. wet weight of plant material was used per 
litre of solution. 

From table 1 it is seen that in the case of bicarbonate-free solutions 
Helodea absorbs the same quantity of nitrate from solutions at pH 7.0 or 8.0 
as from solution at pH 5.0. In solution at pH 7.4 increasing amounts of 
bicarbonate cause increasing inhibition. On addition of 0.5 millimoles of 
bicarbonate per litre the rate of uptake of nitrate decreases to one fifth of 
the maximum value. This approximately equals the inhibition found in the 
experiments with rye in solution at pH 8.0. 

Concerning the uptake of phosphate it is seen from table 2 that from solu- 
tions free of bicarbonate the same quantity of phosphate is absorbed at 
pH 7.0 as at pH 5.0. In solutions at pH 7.0 increasing quantities of bicarbo- 
nate cause increasing inhibition. From solutions at pH 8.0 the plants, even 
in the absence of bicarbonate, can absorb only one third of the amount of 
phosphate which is absorbed from solutions at pH 5.0 to 7.0. As mentioned 
above the reason for this is that the concentration of primary phosphate is 
so extremely low at pH 8.0 (cf. Olsen 1953). 

Furthermore it is seen from table 2 that in solution at pH 9.3, where only 
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secondary phosphate is present, the rate of phosphate uptake is one fourth 
to one fifth of that in solution at pH 5.0, where only primary phosphate 
occurs. As stated previously (Olsen 1953), the rate of uptake of secondary 
phosphate is between one fourth and one fifth of that of primary phosphate. 


Summary 


From very dilute salt solutions at different pH values rye plants absorb 
anions (Cl, NO,, PO,) at their maximum rates in the pH range 4.0 to 5.5. 
In the range from 5.5 to 8.0 anion uptake is considerably inhibited with 
increasing pH. Inhibition is more pronounced the lower the concentration of 
the solution. Thus the rate of anion absorption seems to depend upon con- 
centration in this range, but not when the pH value is between 4.0 and 5.5 
Experiments with Helodea canadensis have shown the inhibition in the 
range from 5.5 to 8.0 to be due to competition with bicarbonate ions. In the 
experiments with rye plants bicarbonate is formed in considerable quantities 
from the carbon dioxide excreted by the roots. The relative concentration 
of bicarbonate formed is greater the higher the pH of the solution. 

In solutions free of bicarbonate, the quantity of nitrate absorbed per hour 
by Helodea canadensis is independent of the pH of the solution within the 
range from 4 to 9. 

From salt solutions of low concentration the rate of uptake of potassium 
has its maximum value throughout the pH range 5.0 to 8.0. In the range 
from 3.5 to 5.0 it decreases with decreasing pH values. If the potassium ion 
concentration of the solution is increased, the inhibition of potassium uptake 
in the range from 3.5 to 5.0 decreases. The inhibition is due to competition 
between potassium ions and hydrogen ions. In the pH range 3.5 to 5.0 the 
concentration of hydrogen ions is sufficient to enable them to compete with 
the potassium ions when the concentration of the latter is low. 

The experiments show that within a very wide pH range, the pH value 
of the solution per se has no direct influence upon the rate of ion uptake. 
A pH of 3.5 or lower has a direct effect, namely that the high concentration 
of hydrogen ions causes damage to the plants. Experiments with Helodea 
canadensis have shown that damage caused by a high concentration of 
hydroxyl ions occurs only at pH values of 10.5 or higher. The two critical 
pH values are situated on either side of the neutral point, but at the same 
distance from it. 
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Die Redistribution von Kalium in Getreide 


Von 


ERIKA LOHR 


Pflanzenphysiologisches Laboratorium der Universität, Kopenhagen 
(Eingegangen am 12. September 1953) 


Die Redistribution, d.h. die Umverteilung, von den notwendigen Elementen 
in den Pflanzen, ist eine Frage, die schon verschiedentlich aufgenommen 
wurde; insbesondere gilt dieses fiir leichtbewegliche Elemente. Ahnlich wie 
Stickstoff und Phosphor leicht von den älteren Blättern an die jiingeren 
Triebe abgegeben werden (Rippel; Hevesy, Linderstrôm-Lang, Keston und 
Olsen), wird auch das Kalium in der Pflanze umverteilt. Die Redistribution 
von Stickstoff und Phosphor einerseits und Kalium andererseits ist aber in 
Getreidepflanzen verschieden. Bei Stickstoff- und Phosphor-mangelnden 
Pflanzen werden N und P immer aus den älteren Blättern in demselben Haupt- 
trieb aufwärts in die jungen Organe transportiert. Seitentriebe werden nicht 
entwickelt. Die älteren Blatter verwelken und Sprosspitze und Haupttrieb 
werden am Leben erhalten. Ahnlich verhalten sich auch die Kalium- 
mangelnden Dikotylen, z.B. Tomaten und Sinapis (Arnon und Hoagland, 
Miller und Larsen). Anders aber verhalten sich die Kalium-mangelnden 
Getreidepflanzen. Der Haupttrieb stirbt hier ab und Nebentriebe werden 
gebildet. Abb. 1 zeigt das fiir Kalium-mangelnde Getreidepflanzen charak- 
teristische Bild. Der Hauptspross — ungefähr zur Zeit des Schossens — welkt 
und stirbt ab und mehrere junge Seitentriebe (2 bis 4) entwickeln sich. Schon 
1949 sprach Miiller die Vermutung aus, das Kalium-mangelnde Getreide- 
pflanzen, die den Zeitpunkt der Nahrstoffriickwanderung erreicht haben, das 
ihnen zur Verfiigung stehende Kalium nicht oder nicht nur an den Boden 
abgeben, so wie Knowles und Watkin, Liebscher, Luttkus und Botticher 
und Schlesier es für vollernährte Pflanzen finden, sondern es teilweise oder 
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Abb. 1. Eine Kalium-mangelnde, eine Stickstof/-mangelnde und eine vollernährte Pflanze 

von Gerste, Hordeum distichum nutans, f. kenia. Die K-mangelnde Pflanze zeigt den 

verwelkenden Haupttrieb und 3 junge, grüne Seitentriebe. In Wasserkultur am 16. März, 
Foto am 13. Juni. 
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Tabelle 1. mg K pro 1 g Trockenstoff bei K-mangelnden Getreidepflanzen. 


SS 


Pflanze Haupttrieb Seitentrieb Wurzeln | 
| | 
2.64 3.07 3.35 
Gerste 1.27 3.38 3.64 
0.57 2.87 4.46 
Hafer 1.33 6.45 0.64 


ganz in die sich neu bildenden Seitentriebe hinauf transportieren. Die unten 
dargelegten Analysen bestätigen diese Annahme. 

Im Frühjahr 1946 wurden die Versuche mit Gerste (Hordeum disticum 
nutans f. kenia) und im Frühjahr 1952 mit Hafer (Avena sativa f. stälhavre) 
durchgeführt. Die Pflanzen wurden in Sägemehl herangezogen und nach 
etwa einer Woche in die Kulturgläser überführt. Jede Pflanze wuchs in 
Wasserkultur in einem Glas mit 1 1 Nährlösung. Die vollständige Nährlösung 
enthielt: 100 ml 10 °/o Ca(NO;): : 4H,0; 100 ml 2.5 % MgSO,:7H,O; 
100 ml 2.5 °/o KCl; 100 ml 1 °/o KH,PO,; 50 ml 0.8 °/o Feyır-citrat; 15 ml von 
Hoaglands A—Z-Lösung (mit Zusatz von Molybdänsäure) und dest. H,O bis 
zu 10 1. Die Kalium-mangelnde Nährlösung enthielt 100 ml 1.9 °/o NaCl; 
100 ml 1 °/o NaH,PO,; 0.6 ml 2.5 °/o KCl und alle anderen Stoffe in gleicher 
Menge wie bei der vollständigen Nährlösung. Die K-Mangel-Pflanzen hatten 
ausser dem samenbürtigen K nur 8 mg K zur Verfügung. Die Kulturgläser 
standen im Gewächshaus und die Nährlösungen wurden an jedem 2. Tage 
durchlüftet. Nach einer Wachstumsperiode von Mitte März bis Ende Juni 
wurden die Pflanzen geerntet und analysiert. Jede K-mangelnde Pflanze 
wurde in 3 Teile zerteilt: a) der fast oder ganz verwelkte Haupttrieb, b) die 
jungen und grünen Seitentriebe und c) die Wurzeln. Die Kontrollpflanzen. 
herangezogen in vollständiger Nährlösung, wurden in 4 Portionen zerteili. 
a) Ähren, b) Blätter, c) Stengel+Blattscheiden+verwelkte Blätter und 
d) die Wurzeln. 

Das Pflanzenmaterial wurde nach Pincussen & Cronheim mit Hilfe von 
rauchender Salpetersäure und 30 °/o H,0, verascht und die Kaliumanalysen 
nach der Methode von Gram in der Modifikation von Müller & Larsen 
ausgeführt. 

Die Mittelwerte aller Analysenergebnisse der K-mangelnden Pflanzen sind 
in Tabelle 1 zusammengestellt. Sowohl für Gerste als auch für. Hafer ist 
der Kaliumgehalt der Seitentriebe bedeutend höher als der der Haupttriebe. 
Es ist darum anzunehmen, dass das aus dem welkenden Haupttrieb ab- 
wandernde Kalium in die jungen sich neu bildenden Seitentriebe hinauf 
transportiert wird. Zum Vergleich seien die Mittelwerte von einigen voll- 
ernährten Haferpflanzen angeführt: 
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1), Blatter ne TB 21.69 mg K pro 1 g Trockenstoff 
2) Stengel + Blattscheiden + verwelkte 
Blatter... ea see 19:07 » » 
Sy VW ULZEID. APR prac hs AU 15.7700 3 » » 
AV PAD TOT h Ber en ne ere a mors 12.84 » » » 
Zusammenfassung 


Getreidepflanzen, die in K-armer Nährlôsung wachsen, redistribuieren das 
aufgenommene Kalium in besonderer Weise. Der Haupttrieb verwelkt und 
stirbt ab und das herabwandernde Kalium wird von den sich neu bildenden 
Seitentrieben »abgefangen» und in diese hinauftransportiert. 

Die welkenden Haupttriebe der K-mangelnden Gerste und des K-mangeln- 
den Hafers enthielten 1.49 resp. 1.33, die frischen Seitentriebe 3.11 resp. 
6.45 mg K pro 1 g Trockenstoff. 
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Introduction 


In the elongated growing plant cell, the tubular structure of the primary 
cell wall confers upon the cell greater strength in the transverse than in the 
longitudinal direction (3). This is a consequence of the fact that the cellulose 
strands which encircle the cell have considerable tensile strength, but the 
individual strands are held together along the length of the cell wall only 
by weaker bonds. As a result of this difference, the cell under the influence 
of turgor pressure grows greatly in length and relatively little in diameter. 

In the present investigations, we have found that benzimidazole (Figure 1), 
a synthetic analog and metabolite antagonist of adenine (8) is so able to 
alter this situation that auxin-induced growth in length is greatly inhibited, 
while increase in diameter is significantly enhanced. The effects of this 
compound would seem, therefore, to have interesting implications both for 
the mechanism of cell-wall extension and for experimental morphogenesis. 


H H 
N N—N —N 
itis un Pa 
LE 219 
Figure 1. The structures of adenine and of 
benzimidazole. Adenine Benzimidazole 


1 Presented before a meeting of the American Society of Plant Physiologists, Cornvallis, 
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Methods 


Alaska pea seeds were soaked in tap water for 2 hours, and were then sown in 
wet vermiculite contained in stainless steel trays. They were permitted to grow for 
7 days in a physiological dark room maintained at 25° + 0.5° C., with occasional brief 
exposure to ruby-red light of less than 0.3 ft.-candle intensity. At the end of 7 days 
of growth, the peas were harvested, the terminal buds removed, and one sub-apical 
section, 5 mm. in length, excised from each epicotyl. Section growth tests were 
then conducted as previously described (5), 12 sections being placed in 5 ml. of 
solution contained in a 50 ml. Erlenmeyer flask. 2 per cent sucrose and M/60 pH 6.1 
phosphate buffer were added to all growth solutions, and growth was routinely 
measured after 16 hours, although 8 hour determinations were occasionally em- 
ployed. Growth in length was determined by measurement under an ocular micro- 
meter in a binocular stereoscopic dissection microscope. Water uptake was deter- 
mined by increase in fresh weight, the sections being rapidly weighed on a Chaino- 
matic balance after having been blotted to remove superficial moisture. 

The benzimidazole used in these experiments was obtained from Nutritional 
Biochemicals Corporation. It was brought into solution by the addition of acid and 
made up into a stock solution of 10”? M, adjusted to pH 7.0. The adenine and 
guanine derivations were obtained from Schwarz Laboratories. 


Experimental 


The effect of indoleacetic acid and adenine on water uptake 
and cell elongation 


The effect of an auxin, indoleacetic acid (IAA), on growth in length and 
water uptake of pea epicotyl sections is shown in Figure 2. The curves are 
arbitrarily made to coincide at a relative value of 100 for a concentration of 
0.1 ug./ml. IAA (5.71077 M). It can be seen that although growth in length 
is inhibited by concentrations in excess of 0.1 ug./ml., water uptake continues 
to rise with increasing IAA concentration, reaching a maximum value some- 
where in the range 10—100 ug./ml. IAA. Thus, sections grown at an IAA 
concentration of 10 ug./ml. are shorter, broader and heavier than those 
grown at 0.1 ug./ml. Auxin concentration may thus in itself determine the 
direction of elongation and the ultimate contour of plant tissue. 

Adenine, itself without effect on cell elongation and water uptake, has 
been shown to significantly enhance both processes when supplied together 
with optimal concentrations of IAA (6). Repetition and extension of these 
earlier results in the present series of experiments, over a wide range of 
adenine concentrations, revealed that 10-* M adenine is optimal for the 
enhancing effects. Concentrations ten times lower than this are ineffectual 


while concentrations ten times higher than this inhibit both cell elongation 
and fresh weight increase. 
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Figure 2. The differential effect of indole- 
acetic acid on growth in length and in- 
crease in fresh weight of pea epicotyl 
sections. 
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The effect of benzimidazole (BIA) in the presence and absence of IAA 


Since adenine becomes limiting to growth once the requirement for auxin 
is satisfied (6) and since BIA is a metabolite antagonist of adenine (8), the 
use of BIA in the analysis of growth seemed desirable. Pea stem sections 
were therefore grown in solutions containing both benzimidazole and IAA 
and the growth in length and water uptake measured. Table 1 shows that 
at IAA concentrations below 10 ug./ml. (5.7X10-° M), BIA exerts some- 
what inhibitory effects both on growth in length and water uptake. At a 
concentration of 5.7 X10-°5 M IAA and 2X10-* M BIA, however, growth in 
length is reduced almost 40 per cent and water uptake increased almost 


Table 1. The effect of BIA on growth in length and water uptake in etiolated pea epicotyl 
sections. All figures relative to control with 5.7x10-7 M IAA, 0 BIA. Figures represent 
means of duplicate determinations. 


No BIA 2< 10 °M MIX 
IAA M HSE STL K ci RATS 
Length Fresh weight Length Fresh weight 
Le a 62.2 63.3 65.0 67.7 
ee 100.0 100.0 76.0 78.6 | 
PGO TE Lane. 86.0 104.0 69.1 88.3 
DEMO aan 67.4 106.2 62.7 128.9 
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Figure 3. The appearance of pea epicotyl 
sections after 16 hours in various growth 
solutions. 


Row 1 (left): IAA alone (5.7X10—5 M) 
2 IAA+Adenine (10-4 M) 
3 IAA+BIA (2.5x10-° M) 
4 IAA+BIA-+Adenine 
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Figure 4. The effect of various con- 
centrations of BIA on growth in length 20 
and fresh weight increase. 


©@—fresh weight, x =length. o 
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30 per cent relative to the controls without BIA. Such BIA-treated sections 
were markedly barrel-shaped (Figure 3). 

The effect of BIA concentration on growth in length and on water uptake 
in the presence of 5.7X10-° M IAA is shown in Figure 4. It will be noted 
that differential effects on the two processes are manifest only in a very 
narrow concentration range of BIA centered about 2X10-% M. Concentra- 
tions below this are relatively ineffectual; those in excess of 2 10° M greatly 
inhibit both growth in length and water uptake. 


BENZIMIDAZOLE AND THE GEOMETRY OF CELL GROWTH 867 


Table 2. Cross-sectional diameters of cortical cells of pea epicotyl cylinders grown in IAA 
alone, BIA alone, or both. All solutions contained 2 °/o sucrose + M/60 pH 6.1 phosphate 
buffer. All figures represent means of 20 measurements. 


Growth solution. Average cross sectional dia- Relative cross 
IAA (M) BIA (M) meter of cortical cells (y) sectional diameter 
0 0 54.7 100 
0 2410 53.2 97.3 
5.7 10" 0 63.0 115.2 
57x 1007 a 10m 96.2 | 176.0 


The effect of BIA on cell size, shape and volume 


It was of considerable interest to determine whether the increase in diameter 
of the BIA treated sections was due to increased transverse diameter of the 
individual cells making up the epicotyl, or whether the BIA had in some 
way led to an increase in cell number in the transverse direction. Thin cross 
sections of the epicotyl cylinders grown in the various solutions were accord- 
ingly cut and examined under a microscope equipped with an ocular micro- 
meter. It was immediately apparent that the individual cortical cells of those 
cylinders grown in ITAA+BIA had a much greater cross-sectional area than 
those grown in auxin alone (Table 2). No evidence of increased length of these 
cortical cells could be found in longitudinal sections, nor was there any 
apparent increase in cell proliferation. BIA seems to exert its effect, therefore, 
solely by causing an increased transverse expansion of individual cortical cells. 

The increased transverse diameter of individual cells treated with BIA was 
reflected in the increased volume of the cylinders. The volumes of groups of 
12 cylinders were determined by displacement of water in a 1 ml. blood 
sedimentation tube. The absolute and relative volumes of variously treated 
cylinders is-shown in Table 3. It is clear that BIA, when given with JAA, 
increases the volume of the cylinders significantly. 


Table 3. The volumes of individual cylinders, originally 5.34 mm long, after having grown 
for 16 hours in solutions containing 2 °/o sucrose, M/60 pH 6.1 phosphate buffer, and either 
IAA, BIA or both. 


Average volume 2 
IAA M BIA M per cylinder (ml.) Relative volume 
0 0 .0160 100 
0 2< 107° .0175 109 
BL Tür: 0 .0266 166 
Hi 10% 2 10m .0319 199 
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Table 4. The apparent DPD of pea epicotyl cylinders grown for 16 hours in the presence 
of IAA and BIA. All values represent the mean of three or more experiments. 


Growth solution Apparent | 

IAA M | BIA M DE ee 

0 0 0.27 | 
0 2.107 0.27 
5.7 X 10 0 0.30 
BANC AO Al 2210 > 0.30 


The effect of BIA on the diffusion pressure deficit of the cortical cells 


Since BIA increases water uptake above that accomplished by the control 
series with auxin alone, and since water uptake is regulated ultimately by 
the diffusion pressure deficit (DPD) of the cells, it seemed pertinent to 
investigate the DPD of tissue grown in the presence and absence of IAA and 
BIA. In these experiments, the DPD was determined directly by immersing 
all tissues for 16 hours in a graded series of mannitol concentrations. This 
substance has been shown by Collander and Bärlund (2) to be inactive 
metabolically, although active osmotically. That molarity of mannitol in the 
solution which resulted in no gain or loss in fresh weight of the excised 
sections was taken as representing the DPD of the tissue. These values were 
first estimated crudely by interpolating between widely separated molarities 
and then determined accurately by the use of molarities only .02 M apart. 
The results, shown in Table 4, demonstrate that although IAA increases the 
apparent DPD of the tissue, BIA produces no further increase in the DPD, 
either in the presence or absence of IAA. In fact, the DPD in the presence of 
BIA is very slightly lower than that in the —BIA controls, a fact which is 
probably explained by the greater dilution of the BIA-treated cell contents 
as a result of increased water uptake. 


Degree of reversibility of BIA effects by adenine and related compounds 


BIA was originally employed in these experiments because it had been 
reported as a metabolite antagonist of adenine (8). In the work to be de- 
scribed in this section, experiments were performed to determine whether 
the effects of BIA could in fact be attributed to anti-adenine or anti-purine 
action. This was investigated by determining the degree of reversibility of 
the BIA effect by simultaneously applied adenine or guanine, their ribosides, 
and their nucleotides. Adenine itself proved to be of limited effectiveness in 
reversing the BIA effects, achieving at most a 20 per cent reversal (Table 5). 
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Table 5. The degree of reversibility of the effects of BIA by simultaneously added adenine 
(Ad). All solutions contained 5.7X10-5 M IAA and M/60 pH 6.1 buffer. All figures are 
relative, based on values of 100 for 5.7x10-5 M IAA controls without BIA. 


a 


BIA 21073 M | BIA 2 X 10 © M BIA 2 X 107% M 
Ad 0 | Ad 107* M Ad 107? M 
Length | Weight | Length Weight Length Weight 

65.8 123.8 71.0 116.9 50.4 rh Wy Pas 
55.4 95.4 75.4 152.2 73.0 98160 
Zia 80.0 63.8 69.1 53.1 73 tie 
49.8 89.5 59.9 100.9 54.8 59.2 
85.6 141.1 82.8 136.3 

Average 65.6 106.0 70.6 115.1 57.8 | 11 


At a concentration of 10~* M, adenine actually further increased the already 
heightened water uptake without significantly reversing the inhibition of 
growth in length. At a concentration of 10 * M, it greatly inhibited both 
processes. Generally similar results were obtained with adenosine and guano- 
sine, yeast adenylic acid and guanylic acid. We are therefore only justified 
in attributing at most about 20 per cent of the effects of BIA to anti-purine 
action. However, the lack of complete reversibility is no proof that BIA 
operates through other than anti-purine effects, for many metabolic antago- 
nists show incomplete reversibility (9). 


Discussion 


It has previously been demonstrated (6) that adenine enhances the res- 
ponse of etiolated peas to auxin in both the straight-growth and root initiation 
tests. It is therefore not surprising that BIA, a metabolite antagonist of 
adenine, is able partially to inhibit the response of this plant to auxin. The 
interesting new fact is that at a concentration of 2107? M BIA, cell elonga- 
tion is strongly inhibited, while water uptake, increase in volume and cell 
expansion in the transverse directions are actually enhanced. The question 
then becomes: can we interpret all of these effects in terms of one mode of 
action of BIA? Let us first consider the growth of etiolated pea epicotyl 
cells in solutions containing auxin only. Here it is clear that auxin-mediated 
water uptake, through whatever mechanism it is accomplished, has an 
optimal JAA concentration far higher than that for cell elongation alone. 
The additional water absorbed at the higher IAA levels is of course, accom- 
modated by the increased transverse expansion of the cell. This implies, 
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therefore, that longitudinal extension of the cell wall occurs preferentially 
at the lower auxin levels, and that transverse expansion of the cell is possi- 
bilitated only at higher auxin levels. 

In interpreting the mode of action of BIA, we need to note that its dif- 
ferential effect on cell elongation and water uptake is manifest only at those 
IAA concentrations at which transverse expansion of the cells is already 
under way. Thus, all of the experimental facts concerning BIA can be 
accounted for by assuming that it somehow, in conjunction with an adequate 
level of IAA, further facilitates the transverse expansion of cells. 

To understand how the volume of the cell may be increased by expanding 
the walls transversely rather than longitudinally, let us consider a model 
cell, cylindrical in shape, of length h and end wall radius r. The volume of 
such a cylinder is xr?h. Let us further assume that there is a sufficiently 
high auxin concentration to enlarge either the end walls or the longitudinal 
walls by one unit. If the longitudinal wall is increased from h to h+1, then 
the volume will increase from ar?h to ar?(h+1), a net increase of xr°. If, 
on the other hand, the transverse diameter increases by 1 unit, then the 


volume will change to x(r+0.5)"h, or a net increase of ah + Since, in 


most cases, a cell is at least twice as long as it is wide, h equals at least 4r. 
Substituting 4r for h in the latter expression, we get a net volume increase 
of 4nr?+nr, a value greatly in excess of the net increase in the case of 
longitudinal growth. 

Frey-Wyssling (4) has pointed out that in the growth of plant cells, 
localized areas of the cell wall are plasticized and become extended, while 
adjacent areas remain unplasticized and therefore unextended. Once the 
extension of the plasticized area has occurred, new cellulose strands are 
laid down, and the extended area once again regains its original rigid texture. 
Thus, cellular growth must be considered as the integral of a series of dis- 
continuous, localized extension reactions in the cell wall. It appears to be the 
unique property of BIA to select which of the numerous extendable spots 
on the cell wall shall actually be plasticized. Under the particular condi- 
tions studied (5.7 X10-5 M IAA and 2X 10% M BIA) those areas are selected 
which lead to transverse, rather than to longitudinal extension. 

This unique effect of BIA in controlling the extension of the cell wall, and 
the partial reversal of its effects by adenine leads one to wonder whether 
nucleic acids may possibly play a role in the process of cellulose breakdown 
and synthesis. Although there is yet no experimental evidence to support this 
view, it would not be surprising in the light of the apparent regulation by 
nucleic acids of the synthesis of other macromolecules, such as proteins (1). 

The possibility should also be considered that BIA acts as an auxin analog, 
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since the indole ring of IAA is structurally very similar to BIA, and indole 
itself has been reported to interfere with the utilization of adenine by Neuro- 
spora (10). In support of this possibility is the fact that BIA is itself without 
auxin activity (Table 1), but in the, presence of already high auxin levels, 
it accentuates the effect of IAA in decreasing elongation and increasing water 
uptake (Figure 2). However, other known anti-auxin molecules, such as 
2,3,5-triiodobenzoic acid and maleic hydrazide do not produce the effects 
characteristic of BIA. 


Some mention should be made of the possibilities of BIA as a morpho- 
genetic agent. Since the ultimate form attained by any organ depends both 
on the plane of cell divisions at the meristem and the direction of enlarge- 
ment of the cells produced, it should be clear that BIA should have some 
morphogenetic effects, if applied to plants at the proper concentration. Such 
effects are now being tested for, both in intact plants and in tissue cultures. 
In tissue cultures of tobacco, it has already been shown by Skoog and 
Tsui (7) that auxin and adenine act somewhat antagonistically and that the 
ratio of auxin to adenine in the medium determines wether roots or buds 
grow or are inhibited. Such effects could represent the end manifestations, 
at an organ level, of the basic phenomena described in this paper, since BIA, 
by acting as a metabolite antagonist of adenine, is effectively altering the 
auxin-adenine ratio. 


Summary 


The growth of sub-apical sections of etiolated pea epicotyls is promoted 
by auxins and secondarily by adenine and related purines. Benzimidazole 
(BIA), a synthetic analog of adenine, inhibits this auxin-induced elongation 
while simultaneously stimulating water uptake. Cortical cells of tissue treated 
with BIA thus swell tremendously in the transverse direction, becoming 
barrel-shaped. Such BIA-treated cells have a greater volume than controls 
without BIA. 

These BIA effects are elicited only in the presence of physiologically high 
auxin levels (ca. 5.7X10-° M IAA) and over a very narrow concentration 
range of BIA (ca. 1—3 107? M). Lower concentrations of BIA are inocuous 
and high concentrations are inhibitory both to elongation and to water 
uptake. 

The effect of BIA is shown to be specifically a promotion of the transverse 
as opposed to longitudinal extension of cortex cells. No increase in cell 
number was detected nor was there any marked effect of BIA on the apparent 
net DPD of the cortical cells. 
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The inhibition of cell elongation caused by BIA is partially reversed by 
adenine, guanine, adenosine, and guanosine, yeast adenylic acid and guanylic 
acid. This fact may implicate purine-containing compounds such as nucleic 
acids in the auxin-controlled growth reaction of plant cells. 


The senior author wishes to acknowledge a grant from the National Science 
Foundation which made possible the completion of this work. 


Note added in proof 


After this article was submitted for publication, two articles appeared bearing on 
the general subject of this paper. One, by C. Miller (Proc. Soc. Exptl. Biol. Med. 83: 
561. 1953) shows a similar inhibition of cell elongation in pea epicotyls and in other 
plant cells by another adenine antagonist, 2,6-diaminopurine. J. Silberger, jr. and 
F. Skoog (Science 118: 443. 1953) report that the application of IAA to tobacco pith 
cultures results in an increased content of nucleic acids in the tissue. An extensive 
discussion of the geometry of cell enlargement can be found in a publication of 
J. M. Diehl, C. J. Gorter, G. van Iterson, Jr., and A. Kleinhoonte (Rec. Trav. Bot. 
Néerl. 36: 709. 1939.). 
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A great number of investigations have demonstrated the biological effect 
of ionizing radiation, which has proved to be efficient in producing mutations 
and chromosome disturbances. Non-genetical or physiological effects have 
also been studied to a great extent. In plants several investigators have 
demonstrated pronounced effects such as inhibition or retardation of ger- 
mination and growth and other deleterious effects after treatment with 
ionizing radiation (2, 3, 5). t 

It has been assumed for many years, however, that ionizing radiation 
interferes only to a minor extent with respiration, although mitotic processes 
are markedly influenced (4). It is difficult in recent literature to find informa- 
tions about radiation effects on respiration in higher plants. In bacteria cells 
which were exposed to a X-ray dose of 60,000 r, no apparent effect on the 
initial respiratory rate was observed, but the initial period was followed by 
a period with a marked decline in oxygen consumption. 99.5 per cent of the 
cells were killed after this high dose of X-irradiation (1). It seems to the 
present authors that the evidence about the effect of ionizing radiation on 
plant respiration is deficient. 
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Material and method 


Dormant seeds of the barley varieties Jotun and Maja were used as experimental 
material in this study. Maja is a two-rowed and Jotun is a six-rowed variety. Maja 
had larger kernel size than Jotun. Both varieties had a water content of 8—9 per 
cent before the start of germination. 

The dry seeds were given the following series of X-ray treatment: 2,500 r, 5,000 r, 
10,000 r, and 15,000 r. The radiation treatments were performed at the Norwegian 
Radium Hospital, Oslo. The tube was running at 180 kV, 15 mA, and at an intensity 
of 140 r/min. The beam was filtered through 3 mm. Al. 

Immediately after the X-ray treatment the seeds were soaked in water for about 
12 hours and then placed on moist filter paper in Petri dishes for germination in 
darkness at a temperature of about 20° C. The visible fungal infection was negligible 
and infected seeds were immediately removed from the dishes. 

The respiration rate of untreated control and irradiated seeds was measured daily 
during the first week of germination. A modified Warburg constant volume respiro- 
meter adapted to the measurement of seed respiration, was used. The respiration 
rate was measured at 20° C and was expressed in terms of wl. O,/100 mg. dry 
weight/hr. Depending on the stage of germination a sample of 5—10 seeds was 
placed in the respirometer flask for each measurement. The manometer experiments 
usually lasted for 4—5 hours and the mean rate per hour was determined. 4 parallel 
samples were tested and the mean value of the four measurements is plotted in the 
diagrams (Figures 1—3). 

The respiration rate was found to be very low during the first 25—30 hours of 
germination and accordingly the measurements were not started until the second day. 

During the respiration experiments germination and growth of the seeds were 
studied. The length of the coleoptile and the first foliage leaf was measured on 
50 seeds after 5 and 8 days of germination. The percentage of germinating seeds 
was also determined, germination being defined by emergence of the primary root. 

The 2,500 r series of Maja seeds was omitted from the respiration experiments 
owing to an insufficient germination. 


Experimental results 


As can be read from table 1 the radiation treatment had a negligible effect 
on the percentage of germinating seeds of both varieties. But in spite of a 
normal initial germination, the irradiated seeds, except those exposed to 
2,500 r, showed a retarded sprouting and the seedlings became weakened 
and stunted. Table 2 shows the relative length of the seedlings, calculated 
as percentage of the untreated control. A marked retardation of sprouting 
was observed already at the fifth day at doses of 5,000 r, 10,000 r, and 
15,000 r. Three days later the growth inhibition was still more pronounced, 
especially at the two higher doses. No significant difference in seedling length 
could be detected between the 10,000 r and the 15,000 r series. 

The recorded data seem to indicate a significant difference between Jotun 
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Table 1. Percentage seed germination of X-ray treated barley seeds after 5 days of germina- 
tion (dry seeds were irradiated). 


| Variety | Control | 2,500 r | 5,000 r | 10,000 r | 15,000 r | 
Maja | 92 — 88 90 92 
Jotun | 96 88 90 88 90 


Table 2. Relative seedling length of X-ray treated barley seeds. Control=100. 


Treatment Maja Jotun 
(dry seeds) 5 days 8 days 5 days 8 days 
Control 100 100 100 100 
2,500 r == = 98.5 102 
5,000 r 78.1 68.4 64.2 46.1 
10,000 r 83.3 60.1 55.6 27.4 
15,000 r 73.1 56.1 62.9 31.3 
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Figure 1. Respiration intensity of X-irradiated and untreated barley seeds (Jotun variety) 
during the first 8 days of germination. Dry dormant seeds were irradiated. The respiration 
was measured at 20° C. 
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Figure 2. Respiration intensity of X-irradiated and untreated barley seeds (Maja variety) 
during the first 8 days of germination. Dry dormant seeds were irradiated. The respiration 
was measured at 20° C. Radiation given in r. 


and Maja seeds in radiation sensitivity, the retardation of growth being more 
pronounced in Jotun. 

Diagrams showing the respiration rate of untreated control and irradiated 
seeds during the first 8 days of germination are presented in Figure 1 and 
Figure 2. 

The respiration of the untreated seeds proceeded at an increasing rate 
throughout the experimental period in both varieties. In all concurrent 
measurements the untreated Jotun seeds showed higher intensity than the 
Maja seeds. 

The respiration of Jotun seeds exposed to 2,500 r differed only negligibly 
from that of the control seeds. A marked effect, however, was obtained with 
doses from 5,000 r to 15,000 r. As can be seen from Figure 1 respiration of 
irradiated Jotun seeds proceeded at a normal rate during the first three days 
of germination, but at the fourth and succeeding days a marked deviation 
as compared with the control series was observed. Only slight differences 
in respiration intensity were found between the three radiation series of 
5,000 r, 10,000 r, and 15,000 r. 

Diagrams of the corresponding series of Maja variety are presented in 
Figure 2. Maja seeds showed no apparent radiation effect on respiration until 
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the fifth day of germination. The succeeding days marked deviations were 
observed between untreated and irradiated seeds. 

Figure 3 presents the relationship between relative respiration rate and 
varying doses of X-irradiation. The values plotted in the figure are calculated 
from measurements on the eighth day. The diagram of the Jotun variety 
shows that the effect on respiration of X-ray doses from 2,500 r to 15,000 r 
can be described by a sigmoid curve. Increasing the radiation dose above 
5,000 r has only slight influence on the level of respiration. 

In the experiments with Maja seeds the effect of 2,500 r was not deter- 
mined. The initial course of the curve is somewhat uncertain in this case, but 
the curve constructed in Figure 3 (broken line) is considered to represent 
the most likely alternative. 


Discussion 


In order to understand the cause of the lowered respiration of irradiated 
seeds, germination, growth, and mitotic activities of normal and irradiated 
samples must be investigated. Such studies are in progress, and the results 
will be fully published later. So far it has been shown that radiation doses 
up to 15,000 r have no influence on germination proper, i.e., emergence of 
primary root and coleoptile. Growth of the embryonic tissues is initiated by 
cell elongation prior to the first mitosis. This pre-mitotic elongation proceeds 
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normally in all the radiation series without delay or inhibition. After about 
24 hours the cells of the primary root are at meta- or anaphase of the first 
mitotic division in normal seeds under the conditions of the experiment. 
X-ray treatment inhibits mitosis, delaying the first anaphase from a few 
hours at 5,000 r up to 24 hours at 15,000 r. In spite of this inhibition, all 
embryonic cells in the dormant seed are able to complete the first mitosis. 
During this division, however, various nuclear disturbances become apparent 
in some of the cells. Thus, chromosome aberrations occur frequently during 
the first anaphase, causing elimination of nuclear material, whereby defi- 
cient daughter nuclei arise, and these are unable to undergo mitotic divisions. 
Owing to this effect the number of dividing cells in the irradiated series of 
Jotun barley are markedly reduced after 2—3 days. The number of cells 
with chromosome aberrations is linearly related to the radiation dose in the 
interval 5,000—15,000 r. 

Since the further (post-mitotic) growth is initiated by a period of lively 
cell multiplication, one would expect the growth rate to be closely related 
to the initial number of cells capable of mitotic division. In accordance with 
this expectation the observations indicate that a marked growth retardation 
occurs in the irradiated series, and that an approximately linear relationship 
exists between dose and effect, just as in the case of nuclear aberrations. 


When these observations on growth and cytological development are 
related to the respiration data presented above, a significant parallelism 
becomes apparent. At the pre-mitotic stage where the number of physio- 
logically active cells is unimpaired by irradiation, the respiration curves for 
normal and irradiated samples practically coincide, whereas later on, when 
the growth inhibition is effected, a striking deviation occurs (Figures 1—2). 
Thus, it seems possible that the lowered respiration of the irradiated seeds 
might be due to the reduced number of actively growing cells. 


However, the relation between dosage and effect shown in Figure 3 does 
not agree with this simple explanation. Apparently respiration in the irradiated 
samples remain at a constant level when increasing the radiation dose from 
5,000 to 15,000 r, whereas both growth and nuclear structures are markedly 
affected. It is possible that radiation interferes more directly with the func- 
tion of a particular respiratory system characterized by a threshold sensitivity 
somewhere between 2,500 and 5,000 r. 


A comparison between Figures 1 and 2 shows a more rapid respiration 
increase in normal seeds in the variety Jotun than in Maja. This difference 
may be related either to the different kernel size, or to a different rate of 
development, or both. On an average Jotun will reach maturity about 3 weeks 
earlier than Maja. 
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It appears from Figure 3 that Jotun is also more sensitive to radiation 
than Maja. Since the radiation series in Maja show higher respiration than 
the corresponding series in Jotun, this difference in sensitivity cannot be 
explained only as a consequence of a different rate of development. The 
observations on seedling growth also show Jotun to be more radiosensitive 
than Maja. 

The maximum effect on respiration was observed on the last (8th) day 
of the experimental period. It was difficult to extend the experiments beyond 
the first week because of seedling death at the higher radiation levels. In 
order to overcome this difficulty, much larger seed samples would have to 
be employed in the irradiation series. 


Summary 


Dry dormant barley seeds of the varieties Jotun and Maja have been 
irradiated with heavy doses of X-rays. The respiration of irradiated seeds 
and of untreated control samples was then studied during the first week of 
germination. 

Respiration appeared unaffected by a dose of 2,500 r. Doses from 5,000 to 
15,000 r did not affect the initial respiration increase, but after 4—5 days 
of germination at 20° C the respiration of irradiated seeds proceeded markedly 
slower than in the control series. The relationship between X-ray dose and 
relative respiration rate can be described by a sigmoid curve. 

Jotun seeds proved to be more sensitive to radiation than Maja seeds. 

The nature of the respiratory effect is discussed in relation to cytological 
and anatomical observations. 

The respiration experiments reported here have been performed by H. Halvorsen 
at the Botanical Laboratory of Oslo University (Director professor dr. G. Alvik). 


The manometric equipment has been constructed at the expense of the Norwegian 
Research Council for Science and the Humanities. 
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